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Preface
    The rapid progress of molecular science in the latter half of twentieth century has
enabled us to develop organic materials with the physical properties such as
superconductivity and ferromagnetism which have been believed to exist only in
inorganic materials before and, moreover, produced new research fields such as
molecular conductor and molecule-based magnet. For example, the first organic
ferromagnet was discovered in 1991. Nowadays, the relationship between molecular
arrangements and physical propenies on molecular assemblies has been elucidated to
some extent.
    The biggest advantage of organic molecules is to realize that the molecular
structure can be perfectly defined as we desired by providing the desirable chemical
modifications to the desirable positions of a molecule on the basis of organic synthetic
methodologies, in striking contrast to the doping method utilized in the semiconductor
industry, which obeys the statistical probability. In this context, thanks to the
inevitable limit of the conventional downsizing in the silicon-based semiconductor
device world, it has attracted considerable attention to realize a radically new class of
electronics by replacing the present-day silicon-based electronic devices with the
molecule-based devices making the most of the aforementioned advantage. Such an
idea commenced already in 1970s, but the remarkable development of nanoscience and
nanotechnology has sparked renewed interest in realization of molecule-based devices.
On the other hand, we are now faced with the nascent research field known as
spintronics, where an electron's spin as well as its electric charge is made use of to
process information. Under the present circumstances, molecular (nano-)electronics
and (nano-)spintronics are to be placed in the subject ofmolecular engmeering.
i
    The purpose of this thesis is to search for the possibility of controlling the spin
electronic states of multi-•spin systems through redox active moieties from the both
experimental and theoretical points of view. This is closely related to realization of
organic molecule-based spintronics. The author hopes that this thesis could
contribute to the future development of science and technology of organic multi-spin
                                  'systems.
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    Magnetism is one of the phenomena which have been familiar to humankind since
ancient times. The mineral lodestone, an oxide of iron that has the property of
attracting iron objects, was known to the Greeks and Chinese. As is uncertain, it
would seem that magnetite (lodestone, Fe304) was mined in the Magnesia region,
Greece, and the word "magnet" in English has been derived from the Greek in which it
means "magnesian stone". In Europe, the exploitation ofmagnets dates back to the
period of great voyages where primitive compasses were devised on the basis of the
property that a freely suspended magnet orients itself north-to-south, and they were put
to practical use. In the present daily life, we are benefited immensely from various
products equipped with magnets, and the discovery and development of novel,
improved magnetic materials are still continuing all over the world. The modern
world cannot work without magnets.
    Generally speaking, when we hear the word "magnet", we usually imagine some
kinds of metals, their alloys, or metal oxide materials. However, the intensive
synthetic studies over the past forty years brought several families of molecule-based
magnetic materials, which show several advantages unavailable in conventional
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inorganic magnetic materials, e.g., low density, mechanical flexibility,
properties by chemical modifications, solubility, transparency, and so on.
tuning of
2. Magnetic Properties of Materials
    The essence of magnetic materials is that an electron has characteristic angular
momentum "spin", and these spins are represented by arrows, t or J, in this thesis.
The electron density, the distance and coupling between electron spins determine the
magnetic behavior of all the materials. AII the materials show a magnetic moment M
upon application of a magnetic field H, so that the magnetic property is often measured
in terms of the response (referred to as magnetic susceptibility z ) of the material to a
magnet such as attraction or repulsion. The equation (1) holds upon the application
of sufficiently weak magnetic field.
M=zH (1)
As is often the case of organic materials, a magnet repels the substances without any
unpaired electrons, and the magnetic susceptibility exhibits negative value, i.e., x Åq O,
being temperature independent. Such a magnetic property is called as diamagnetism.
    If the unpaired electrons exist and the spins do not interact with each other in the
material, they exhibit paramagnetic behavior (Figure 4(a)), where the magnetic
susceptibility of the material decreases smoothly with increasing temperature T due to
the thermal randomization ofthe magnetic moments, which obeys the Curie law (eq. 2):
    C
x=-
    T
(2)
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where C stands for the Curie constant. The Curie constant is represented as follows:
                              N,g2ptkS(S + 1)
                           C= 3k. (3)
NA being the Avogadro number, g the Lande g-factor, ,LtB the Bohr magneton, S the spin
quantum number, and kB the Boltzmann constant. For an assembly of the species
with S == 112 and g = 2 (e.g., organic monoradical), the Curie constant is
                         C== O.375 emuKmol-' (4)
    As the spins get closer, they start interacting more with each other, leading to local
parallel (TT) and antiparallel (TJ) spin alignment. Two kinds of interaction causing
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respectively, enhancinglsuppressing the magnetic susceptibility. As the result, the
magnetic susceptibility ofthe material obeys the Curie-Weiss law (eq. 5),
                                      C
                                 X= T-o (5)
where 0 is denoted as the Weiss constant determined from the interception of the
extrapolated slope of the z-i vs. T plot in the high temperature region. wnen the
spins do not interact with each other (pure paramagnetic material), 0becomes zero, and
the positive and negative e indicate ferromagnetic and antiferromagnetic interactions,
respectively. For eÅr O, the Curie-Weiss law is obviously Iimited to the temperature
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mol of species with C=
    Although the Weiss constant e implies the short-range magnetic interaction
between the spins, there can be a case where a long-range order takes place among all
the spins under a specific temperature. If the spins are ordered in parallel for long
range at a temperature known as the Curie or the critical temperature Tc, the material
shows bulk ferromagnetism, resulting in a ferromagnet (Figure 4(b)). The transition
metals (e.g., Fe, Tc == 1043 K; Co, 1338 K; Ni, 631 K) show ferromagnetism at room
temperature. On the contrary, the antiparallel ordering for long-range leads to
antiferromagnetism (Figure 4(c)), in which the magnetic susceptibility exhibits the
anisotropy below the Neel temperature TN (e.g., MnO, TN = 122K; Cr203, 331 K; FeS,
613 K; FeC12, 24 K). Ferrimagnetism arises from the antiferromagnetic interaction
between the spins having different magnetic rnoments, resulting in the incomplete
cancellation of the up (T) and the down (J) spins (Figure 4(d)). Ofcourse, since the
saturation magnetization Ms of fenimagnets is smaller than the magnetization expected
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from the eompletely parallel alignment of all the spins, the ferrimagnet can be
discriminated from the ferromagnet. As the example of ferrimagnet, magnetite
(Fe304) is well known, and its spontaneous magnetization is ascribed to the incomplete
cancellation among the spins ofS= 512 in Feiii sites and s=: 2 in Feii sites.
    By applying a magnetic field to a ferromagnet or a ferrimagnet below Tc, magnetic
domains in the material can be parallel-aligned, and the field dependence of
magnetization exhibits a hysteresis Ioop with a coercive field Hcr and a remanent
magnetization M,, where the coercive field is defined at which the magnetization is
reduced to zero and the remanent magnetization is the remaining magnetization at the
zero field. With regard to the commercial utility of magnets, the above described
properties, Tc, Ms, Mr, and Hcr, are most important to determine the utilization ofthose
for, e.g., magnetic storage ofdata, ac motors, magnetic shielding, and so on.
    Several magnetic phenomena are known except for the aforementioned
magnetisms. The Dzyaloshinsky-Moriya interaction in addition to antiferromagnetic
interaction makes the spins cant, leading to a net magnetization. This is called as
canted antiferromagnetism or weak ferromagnetism (Figure 4(e)). A spin glass is
observed in the system such as amorphous magnetic polymer, in which the short-range
ordering of the spins occurs without the long-range ordering below a certain
temperature Tg. Under such a situation, the spins point to all the directions like a
paramagnet, but the spin orientations are fixed or change very slowly due to the local
correlations in spin glass. Therefore, a spin glass is discriminated from a paramagnet,
in which the spins change the directions instantaneously, that is, there is no banier for
the inversion of magnetization. The assembly of small ferromagnetic or
ferrimagnetic particles exhibits superparamagnetism. Superparamagnetic materials
do not show the magnetic ordering since the magnetic moment of each particle (a tiny
magnet) is easily random-oriented by the thermal excitation. Metamagnetism is the
field-dependent transition from the antiferromagnetic state to the ferromagnetic one.
-6-
All of the magnetic behaviors described in this section have also been discovered in the
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Figure 4. 2D illustration ofvarious magnetic-ordering phenomena:
(a) paramagnetism, (b) ferromagnetism, (c) antiferromagnetism, (d)
ferrimagnetism, (e) canted antiferromagnetism.
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3. Molecular Magnetic Materials
3.1 Organic radical crystal
    Neutral organic radicals comprised of odd numbers of electrons, i.e., possessing an
unpaired electron, are often highly chemically reactive. However, they can be
isolated as more stable species by adding aromatic rings to delocalize the unpaired
electron toward thermodynamic stabilization, or by introducing bulky substituents
toward kinetic stabilization. Crystalline organic radicals, stabilized by the chemical
modifications, usually exhibit paramagnetism at the high temperature region unless the
dimerization of radicals can be lead to lose unpaired electrons. They usually show a
very small negative Weiss constant 0, indicating weak antiferromagnetic interaction.
This is because the intermolecular overlaps of the singly occupied molecular orbitals
(SOMOs), in which the up spin (T) exists in one SOMO and the down spin (J) in the
other, lead to make a bonding orbital. This is natural, considering that two hydrogen
atoms form a covalent bond to become a diamagnetic hydrogen molecule. Although
McConnell proposed the theoretical approach toward an organic ferromagnet in 1963
[1], the ferromagnetic interaction between organic radicals was not discovered in the
radical crystals.
    In spite of such a natural tendency, in 1969, Mukai et al. reported the
intermolecular ferromagnetic interaction which follows the Curie-Weiss law with a
positive Weiss constant (0 = 19 K) above 85 K in the crystal of 4-[[3,5-bis(1,1-
dimethylethyl)-4-oxo-2,5-cyclohexadien-1-ylidene]methyl]-2,6-bis(1,1-dimethylethyl)
phenoxy (known as galvinoxyl) [2]. However, below this temperature, the galvinoxyl
exhibits a phase transition from paramagnetic state to diamagnetic or some remaining
paramagnetic one, depending on a sample preparation. In later years, Awaga et al.
prepared the mixed crystal between galvinoxyl and its closed-shell precursor,
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interaction [3]. In this course of study, the crucial conditions for achieving the
intermolecular ferromagnetic interaction in the radical crystal are pointed out as
follows: (1) large spin polarization in a radical molecule to stabilize the excited triplet
states by the intermolecular charge transfer rather than the excited singlet states; (2)
small SOMO-SOMO and large SOMO-NHOMO (or NLUMO) overlaps between the
adjacent radicals, where NHOMO signifies the next-highest occupied molecular orbital
and NLUMO the next-lowest unoccupied molecular orbital.
    In 1991 Kinoshita et al. reported that the 13-phase of p-nitrophenyl nitronyl
nitroxide (P-NPNN) is the first purely organic ferromagnet with a Tc of O.60 K [4].
After this discovery, many organic ferromagnets have been found not only in the
nitronyl nitroxide family but also in the other neutral radical families such as TEMPO,
verdazyl radicals, and so on. However, the Tc ofradical crystals is usually very low,
typically below 1 K, which is ascribed to the weak intermolecular magnetic interaction.
-9-
By Rassat et al., even 1,3,5,7-tetramethyl-2,6-diazaadamantane-N,AP- dioxyl (TMAO)
showed the Tc of no more than 1.48 K [5]. Recently, (4-cyanotetrafluorophenyl)
dithiadiazolyl radical (p-NCC6F4CNSSN) was found to be a weak ferromagnet below
35 K, and the Tc could be elevated to 65 K by applying the hydrostatic pressure of 16
kbar [6]. These sulfur-containing radicals may exhibit even higher transition
temperature.
3.2 High spin molecule and polymer
    In 1950, LongUet-Higgins theoretically predicted that the alternant hydrocarbon
has at least (N-27) non-bonding molecular orbitals (NBMOs), where Nis the number of
the carbon atoms and T the maximum number of double bonds in possible resonance
structures [7]. The alternant hydrocarbons with (N-27) =O are called as Kekule
molecules, while the others non-Kekule molecules with non-zero value of (N-27).
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Figure 5. The prediction ofground states by the MO approach [7].
molecules, whereas m-benzoquinodimethane (m-QDM) is the non-Kekule molecule
with (N-27) == 2. 0n the basis of the Hund's rule [8], it is predictable that each of o-
andp-isomer with no degenerate NBMO has the spin quantum number ofS == O, i.e., the
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ground singlet state, and m-isomer has S : 1, i.e., the ground triplet state, in which each
ofthe two degenerate NBMOs are occupied with one electron (Figure 5). This theory
based on the simple HUckel molecular orbital (MO) theory and the Hund's rule teaches
us that the topological symmetry dominates the spin multiplicity of the alternant
hydrocarbon.
    Furthermore, taking the configuration interaction into account, Borden and
Davidson introduced the concept of disl'oint and non-disl'oint to the non-Kekule
molecule in 1977 [9]. wnen one NBMO does not share the same atomic orbital with
another NBMO, this electronic system is termed as disl'oint, resulting in weak exchange
interaction between the unpaired electrons. On the contrary, the electronic system
with the atomic orbitals shared between the NBMOs is non-disJ'oint. In this situation,
the parallel alignment of the two spins is stabilized due to the one-center Coulombic
repulsion between the two unpaired electrons, leading to the ground triplet state.
Tetramethyleneethane (TME) [10] and trimethylenemethane (TMM) [11] have been
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) TME (disJ'oint) and (b) TMM (non- disl'oint).
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    On the basis of the valence bond (VB) theory, Ovchinnikov proposed the following
formula for the spin quantum number S of alternant hydrocarbons:
S= (n' - n)12 (6)
where n' and n are the numbers of starred and unstarred carbon atoms, respectively,
when the carbon atoms in the alternant hydrocarbon are starred according to the
following rule: (1) starred atoms are created as many as possible; (2) one starred carbon





























Figure 7. Prediction ofthe ground states by the VB approach [12].
    Starting from the experimental confirmation of the quintet dicarbene by Ito [13]
and the proposed model ofhigh-spin polymers by Mataga [14], many organic high spin
molecules and polymers have been designed and prepared on the basis of the above
theory so far. In 2001, Rajca et al. prepared the polyarylmethyl radical exhibiting a
huge magnetic moment of S : 5000 at low temperature, for which magnetic property
can be categorized to be between insulating spin glasses and blocked superparamagnets
[15]. Recently, Nishide et al. showed that a very weak magnetic signal of
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nanometer-sized high-spin polyphenoxyl radical dispersed on a highly oriented
pyrolytic graphite (HOPG) surface could effectively be detected by magnetic force
microscopy (MFM) [16]. The atomic force microscopy (AFM) as well as MFM has
been successfu11y used in that work to produce images of the obtained
single-molecule-based magnetic quantum dots, which may be important for infomiation
storage and quantum computing applications.
3.3 Charge transfer complex
    The ferromagnetic spin alignment on the charge transfer (CT) complex was
described by McConnell in 1967 [17]. This McConnell's model has been developed
by Breslow [18], Torrance [19], and Wudl [20] thereafter.
    After the discovery of the molecular metamagnet, [FeiiiCp"2]'[TCNQ]- (Cp' ==
pentamethylcyclopentadienide; TCNQ = 7,7,8,8-tetracyano-p-quinodimethane) [21],
Miller and Epstein reported that the CT complex, [FeiiiCp'2]'[TCNE]- (TCNE =
tetracyanoethylene), is the first ferromagnet (Tc = 4.8 K) with the spins accommodated
in p-orbitals [22]. The magnetic properties for this class of CT complexes have been
systematically investigated [23]. Furthermore, these authors discovered that the
reaction of either V(C6H6)2 or V(CO)6 with TCNE forms V(TCNE).•y(CH2C12) (x - 2; y
-- 1/2), which is a bulk ferrimagnet below its thermal decomposition temperature of 350
K with a Tc of ca. 400 K [24]. This is the first example of a molecule-based










    Ferromagnetism was also discovered for the purely organic CT complex,
tetrakis(dimethylamino)ethylene-C6o (TDAE-C6o), with a relatively high Tc of 16 K
[25]. However, the interpretation of ferromagnetism was controversial: itinerant
ferromagnetism [25], spin glass [26], superparamagnetic [27], 3D Heisenberg
ferromagnetism [28], and non-magnetic [29]. It was confirmed that this problem is
related with the orientation ofthe C6o molecules in TDAE-C6o [30].
(H3C)2N
          (CH3)2
      H
(H3C)2N N(CH3)2
     TDAE C6o
3.4 Photo- and redox-tunable magnetic properties
    The creation of optically controllable magnetic materials is one of the most
important subjects because of the future applications for optical memory. In the
transition metal complexes [3 1], the light-induced excited spin state trapping (LIESST)
for spin-crossover complexes [32] and the photo-induced magnetization in Prussian
blue analogues [33] have been demonstrated to date.
    Recently, several photo-magnetic properties have also been reported in organic
spin systems. Matsuda et al. have reported that the photo-switching of intramolecular
magnetic interaction has been achieved by inserting a photochromic 1,2-bis(3-thienyl)




was discovered by Awaga et al. that the crystal of 1,3,5-trithia-2,4,6-triazapentalenyl
(TTTA) exhibits the paramagnetic regular stack at the high temperature region while the
diamagnetic dimerized stack at the low temperature region. The temperature-
dependent magnetic susceptibility of TTTA shows the hysteresis, i.e., TcJ = 230 K and
TcT= 305 K, resulting in magnetic bistability at room temperature [35]. Furthermore,
























Figure 8. Photo-switching ofthe intramolecular magnetic interaction [34fl.
    The hybrid systems between paramagnetic metal ions and carbenes generated by
photolysis [37] have also been investigated by Koga et al. In these systems, the
reaction of bis(hexafluoroacetylacetonato)copper with diazodi(4-pyridyl)methane
affords the one-dimensional chain complex, which can make ferromagnetic chain after
-15-
the photolysis of diazo groups [37b]. This type of magnetic material is expected to
work as a photo-rnagnetic device in which only the illuminated part can be a magnet.
    0n the other hand, the redox-control of spin state based on the n-topological
symmetry ofNBMOs has been investigated [38]. Ito et aL demonstrated by pulsed
ESR spectroscopy that the mono-, di-, and tricationic species of N,N,N",N',N",AP'-
hexakis[4-(dimethylamino)phenyl]-1,3,5-benzentriamine have the doublet, triplet, and
quartet spin multiplicities, respectively [38d]. The redox-switching of the spin
distribution, termed as redox-based spin diversity [39], was also reported by Morita et al.
In Chapters 1-3, the author will discuss about the redox-switching of intramolecular
magnetic interaction on the basis of structural change oftetraphenylethylene.
3.5 Magnetic conductor
    The itinerant magnetism originated from the magnetic interaction between
conduction electrons and localized spins is widely known among the inorganic magnetic
materials, in which s- and d-electrons behave as conduction electrons and localized
spins, respectively. These magnetic interactions in which the localized spins
indirectly interact with each other through conduction electrons are called as the
Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction [40] (e.g., the origin of
ferromagnetism in iron) and the double-exchange interaction [41] (e.g., in
Lai-xSrxMn03). In the molecular systems, d-T systems have been constructed by the
combination of paramagnetic metal ions bearing localized d-electrons with organic
conductors in whichn-electrons play a role of conduction electrons.
Bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) and bis(ethylenedithio)tetraselena
fuIvalene (BETS) have been well known as donors in the field of molecular conductors,
and the CT complexes of these donors exhibit metallic and superconducting properties.
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    Day et al. reported that (BEDT-TTF)3CuC14•H20 shows the metallic behavior
without transition to the superconducting state and the short-range ferromagnetic
interaction at Iow temperatures. Since the distance between the Cu ions are greater
than 8.5 A, this behavior seems to be described as the indirect magnetic interaction
through conduction electrons [42].
   Even the long-range magnetic order was discovered by Coronado et al., in which
the molecule-based layered compound 6-(BEDT-TTF)3[MniiCriii(ox)3], where ox is the
oxalate dianion (C204)2-, was prepared by the electrocrystallization to exhibit
coexistence of ferromagnetism and metallic conductivity for the first time [43]. The
organic layers of BEDT-TTF cations alternate with the 2D honeycomb layers of
[Mniicriii(ox)3]ff to behave as a ferromagnet with Tc of 5.5 K and exhibit metallic
conductivity down to O.3 K, without becoming superconductor. Although the
negative magnetoresistance was observed by applying a magnetic field perpendicular to
the layers below about 10 K, ferromagnetic and conducting lattices seem to be
quasi-independent.
    The isostructural salts, X-(BETS)2GaC14 with diamagnetic anion and
X-(BETS)2FeC14 with paramagnetic anion (Feiii, S == 512), were found to exhibit the
quite different properties by Kobayashi et al. [44]. Although X-(BETS)2GaC14 shows
metallic behavior with a superconducting transition at ca. 6 K, X-(BETS)2FeC14 exhibits
a metal to insulator (MI) transition ascribed to the antiferromagnetic ordering of the
spins in Feiii ions. However, by applying a magnetic field, the antiferromagnetic
insulating phase is destroyed and, hence, the superconductivity appears as field-induced
-17-
superconductivity [42e, fl.
    As the example ofpurely organic magnetic conductor, there have been attempts by
Sugawara et al., in which the electron donors substituted by organic radical, called as
spin-polarized donors, have been exploited to built molecular magnetic conductors [45],
but every attempt for the bulk spin alignment has met with failure so far. On the
other hand, they have proposed that the spin-polarized donor would serve as the
spin-polarized molecular wire [46] and reported that Iocalized spins of the radical
moieties can interact with conduction electrons in the gold nano-particles chemisorbed
by the diphenyl disulfide compound bearing nitronyl nitroxide radicals (DSPN-hex)
[47]. However, these results are still unestablished at the present, and further reports
have to be waited for. In Chapters 5 and 6, the author will discuss about the organic
spin system in which localized and delocalized spins coexist.
s-s









    At the beginning of the 1990s, it was found by Gattesehi et al. that the compound
[Mni20i2(CH3COO)i6(H20)4]'4H20'2CH3COOH (Mn12ac) with a S = 10 ground state
exhibits the slow relaxation time of the magnetization [48], being of the order .of a few
months at2K and 50 years at 1.5 K [48d, e]. That is to say, a single Mn12ac
-18-
molecule becomes a small magnet, in the sense that if magnetized by an applied field, it
retains the magnetization for days at low temperature. Indeed, the field-dependent
magnetization shows the hysteresis, which is one of the requirements for storing a piece
of information in a single molecule. Therefore, Mn12ac behaves like a classical
magnet. More interestingly, Mn12ac also shows 1arge quantum effects. In fact, the
quantum tunneling of magnetization was observed as characteristic step-like structures
in the magnetic hysteresis loop [48d]. The origin of the steps is ascribed to two
relaxation mechanisms, i.e., the thermally activated and quantum tunnelings.
Nowadays, such molecules are often called "single-molecule magnets" (SMMs), and
Mn12ac is the first SMM. Moreover, Caneschi et al. has reported the first
experimental evidence of single-chain magnet (SCM) corresponding to the Glauber's
theoretical prediction [49] in the complex of bis(hexafiuoroacetylacetonato)cobalt
(Co(hfac)2) with 4'-methoxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(NITPhOMe), [Co(hfac)2(NITPhOMe)], which has a spiral one-dimensional chain
structure [50]. After this discovery, a different research group also reported the SCM
[51]. On the other hand, further attempts have also been made to organize the SMMs
into layers in which it would be possible to address individual molecules for the
information storage [52]. As a new attempt, the SMMs are about to be applied to
quantum computation by implementing Grover's algorithn [53].
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4. Survey ofThis Thesis
    In this thesis, the syntheses, the electronic properties, and the theoretical analyses
of several spin systems based on the T-conjugated organic molecules are presented to
explore the idea ofnovel organic spin systems.
    In Chapter 1, tetraarylethylene having two tert-butylnitroxide,
1,2-bis[4-(N-tert-butylaminoxyl)phenyl]-1,2-bis[4-{N,N-bis(4-methoxyphenyl)amino}
phenyl]ethylene, has been synthesized through the McMurry coupling reaction with a
low-valent titanium reagent. The electrochemical property of this compound has
been investigated by cyclic voltammetry. Moreover, it has been confirmed that the
intramolecular magnetic interaction can drastically change through the chemical
oxidation and reduction by the ESR spectroscopy, and the redox-switching is reversible
by the electrochemical UV-Vis-NIR spectroscopy.
    In Chapter 2, 1,2-bis[3-(N-tert-butylaminoxyl)phenyl]-1,2-bis[4-{N,N-bis(4-
methoxyphenyl)amino}phenyl]ethylene as a structural isomer of the compound in
Chapter 1 has been investigated by means ofthe electrochemistry and ESR spectroscopy.
It has been suggested that the electrochemical behavior is characterized by two closely
spaced consecutive one-electron transfers in contrast to the compound in Chapter 1.
The ESR spectroscopy makes it clear that the target molecule can also change the
intramolecular magnetic interaction by the chemical oxidation as shown in Chapter 1.
    In Chapter 3, the model compound of 1,2-bis[x-(N-tert-butylaminoxyl)phenyl]-
1,2-bis[4-{N,N-bis(4-methoxyphenyl)amino}phenyl]ethylene (x : 3 or 4) has
theoreticaily been studied on the basis of the hybrid Hartree-Fock (HF)ldensity
functional theory (DFT). It has been shown not only that the molecular structure and
the intramolecular magnetic interaction of dicationic tetraarylethylene with two
nitroxide groups can completely be changed in comparison with the neutral state for the
para-nitroxyl substituted isomer but also that the electronic structures are influenced by
-20-
the substituted position of the nitroxyl groups.
    In Chapter 4, the syntheses and the electrochemical and the magnetic properties of
triradical, tris[4-(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl)phenyl]amine, and
diradical, N,N-bis[4-(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolind-2-yl)phenyl]-4-
methoxyphenylamine have been investigated. It has been found that the neutral
radicals in the solid states show weak antiferromagnetic interactions by the magnetic
susceptibility measurements. However, the electrochemical and ESR measurements
have shown the nitrenyl nitroxide moieties have the lower oxidation potentials than the
core triphenylamine moieties even in the case of electron-donating methoxy-group-
substitution.
    In Chapter 5, the synthesis and the electronic properties of
N,N'-bis[3-tert-butyl-5-(N-tert-butyl-N-oxylamino)phenyl]-N,N'-dimethyl-p-phenylene
diamine have been investigated. The analysis ofinter valence CT (IVCT) band in the
cationic state by UV-Vis-NIR spectroscopy and the determination of spin-multiplicity
by cw- and pulsed ESR demonstrates the first example of ferromagnetic spin alignment
mediated by the mixed-valence state for multi-spin organic molecule. The present
triradical cation is also considered to be novel from the point of view that the localized
spin and the delocalized spin coexist.
    In Chapter 6, the models ofp-phenylenediamine with tert-butylnitroxide radicals,
N,N'-bis[3-tert-butyl-5-(N-tert-butyl-N-oxylamino)phenyl]-N,M-dimethyl-p-phenylene
diamine, and p-phenylenediamine with nitronyl nitroxide radicals, N,N'-bis[4-(1-oxyl-
3-oxide-4,4,5,5-tetramethylimidazolin-2-yl)phenyl]-N,N'-dimethyl-p-phenylenediamine,
have theoretically been studied on the basis of quantum chemical ca!culations. It has
been predicted that the cationic p-phenylenediamine derivatives with radical
substituents have the ground quartet states while the singlet and triplet states are nearly
degenerated for those in the neutral state. Moreover, it has been shown that the
SOMO on thep-phenylenediamine moiety tend to intrude into the outside aryl groups in
-21-
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Chapter 1
Tetraarylethylene Having Two Nitroxide Groups:
         Redox-Switching of Through-Bond
 Magnetic Interaction by Conformation Change
1.1 Introduction
    Sterically congested hydrocarbon molecules often exhibit the remarkable structural
changes upon a redox input [1]. Upon oxidation of tetraphenylethylene (TPE), the
C=C double bond is elongated to a C-C single bond and concomitantly rotational
motion about the olefinic bond takes place. The X-ray structural analyses of the
isolated mono- and dications of TPE derivatives revealed that the rotational angle
increases on going from cation to dication [2]. In conjunction with this intriguing
structural change, TPE has attracted much attention from the viewpoint of new
electrochromic system [3]. In particular, tetrakis(4-dimethylaminophenyl)ethylene
(1) can be reversibly converted to the diamagnetic dication in which the two cyanine
moieties [4] are generated by rotational motion about the olefinic bond [3]. Hence, 1
is recognized as a novel organic electrochromic system with the long wavelength
absorptions and high extinction coefficients.
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    On the other hand, the drastic structural change in TPE including change of
z-conjugation connection pathway can be utilized as a redox-switchable magnetic
coupling unit. To date, although a large number of studies have been made on the
redox-generation of non-Kekule high-spin organic molecules [5], little is known about
the control of through-bond magnetic interactions using interconversion of
z-conjugation pathway [6]. To create a new type of organic electrochromic system
having a function of redox-switch of through-bond magnetic interaction, we have
designed and synthesized the novel TPE derivative carrying two nitroxide radical (2).
In neutral form of 2, a strong exchange interaction (IJ) through z-conjugated •network
[7a] is expected between two radical centers. On the other hand, the through-bond
magnetic interaction in the dication of 2 disappear by interception of z-conjugation
between two nitroxide groups originating from rotational motion about the olefinic bond
(Scheme 1). In other words, the TPE moiety of 22' is considered to have a twisted
tetramethyleneethane (TME) structure, in which singlet and triplet states are virtually
degenerate (J As O) [7].
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Scheme 1 Bisnitroxide 2 and the redox-switching of
magnetlc mteractlon.
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    iH and i3C spectra were recorded on a JEOL JNM-AL400, JNM-EX400 or
JNM-AL300 spectrometer, and chemical shifts are given in parts per million (ppm)
relative to internal tetramethylsilane (6 O.OO ppm). EIemental analyses were
performed by Center for Organic Elemental Microanalysis, Kyoto University.
Materials
    Toluene and n-butyronitrile were distilled from CaH2 under an argon atmosphere,
tetrahydrofuran (THF) was distilled from potassium-benzophenone under an argon
atmosphere, N,N-dimethylfomiamide (DMF) was dried over molecular sieves 4A, and
benzonitrile was dried through alumina (ICN, Aiurnina N, Akt. I) column with bubbling
of argon, just before use. All the other purchased reagents and solvents were used
without further purification. Column chromatography was performed using silica gel
(Kanto Chemical Co., Inc., Silica gel 60N, spherical neutral).
    N-4-Bromophenyl-N-tert-butylhydroxyamine (3). To a solution of 1,4-
dibromobenzene (22.0 g, 93.0 mmoD in THF (250 mL) was added n-butyllithium (1.55
M hexane solution, 66.0 mL, 102.3 mmol) at -78 OC under argon atmosphere. The
solution was stirred for 1 h. A solution of2-methyl-2-nitrosopropane (8.92 g, 102.4
mmol) in THF (80 mL) was dropped for 50 min. The mixture was stirred for 2 h at
-78 OC, and then stirred at room temperature for1 h. To the mixture was added5 e/o
aqueous ammonium chloride (200 mL). The organic layer was separated and the
aqueous layer was extracted with Et20. The organic layer was combined and dried
over MgS04. After filtration, the solvent was evaporated. The orange solid was
washed with n-hexane and ethyl acetate to give 3 as white solid (8.29 g, 36 O/o). The
filtrate was evaporated to remove solvent and chromatographed on silica gel
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(AcOEt:n-hexane = 1:4 as eluent). A fraction (Rf == O.51) afforded 3 as pale orange
solid (7.23 g, 32 O/o). Total amount of3 through this reaction was 15.52 g (68 O/o): iH
NMR (300MHz, CDCI3) 6 7.34 (d, J- 8.81 Hz, 2H), 7.08 (d, J : 8.81 Hz, 2H), 6.91
(br-s, IH), 1.08 (s, 9H); i3C NMR (75 MHz, CDC13) 6 148.3, 130.5, 126.2, 118.3, 60.7,
25.8.
    N-4-Bromophenyl-N-tert-butyl-N-tert-butyldimethylsilexyamine (4). To a
solution of tert-butyldimethylchlorosilane (6.69 g, 44.4 mmol) and imidazole (6.31 g,
90.8 mmol) in DMF (30 mL) was added 3 (7.23 g, 29.6 mmol). The resulting
solution was stirred at 40 OC for 17 h under argon atmosphere. To the mixture was
added n-hexane and water. The organic layer was separated and the aqueous layer
was extracted with n-hexane. The organic layer was combined and dried over
MgS04. After filtration, the solvent was evaporated. The residue was
chromatographed on silica gel (n-hexane as eluent). A fraction (Rf == O.63) afforded 4
as colorless oil (10.62 g, 100 O/o): iH NMR (300MHz, CDC13) 6 7.32 (d, J= 8.81 Hz,
2H), 7.10 (br-d, J- 8.26 Hz, 2H), 1.05 (s, 9H), O.88 (s, 9H); '3C NMR (75 MHz,
CDC13) 6 150.2, 130.3, 126.8, 117.8, 60.9, 26.1, 26.0, 17.9, -4.7.
    Bis(4-methoxyphenyl)aminobenzonitrile (5). 4-Aminobenzonitrile (2.58 g,
20.7 mmol), 4-iodoanisole (12.11 g, 51.7 mmol), copper(I) iodide (1.25 g, 6.23 mmol)
and powdered anhydrous potassium carbonate (15.09 g, 108.6 mmol) were placed in a
flask equipped with a reflux condenser under argon atmosphere. The mixture was
heated to ca. 165 OC for4 days. During the reaction, the sublimates of the top ofa
flask were returned into the reaction mixture by heating them. After cooling to room
temperature, dichloromethane was added into the resulting black mixture to dissolve the
products and unreacted materials. The undissolved solid was removed by filtration
and the solvent was evaporated. The residue was chromatographed on silica gel
(AcOEt:CH2C12:n-hexane = 1:49:50 as eluent). A fraction (Rf= O.55) afforded 5 as
pale yellow solid (4.55 g, 67 O/o): iH NMR (400MHz, CDC13) 6 7.35 (d, J == 8.79 Hz,
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2H), 7.10 (d, J= 8.79 Hz, 4H), 6.88 (d, J= 8.79 Hz, 4H), 6.78 (d, J = 8.79 Hz, 2H),
3.81 (s, 6H); i3C NMR (100 MHz, CDC13) 6 157.2, 152.2, 138.6, 133.0, 127.9, 120.0,
117.0, 115.1, 100.6, 55.5.
    4-(N--tert-Butyl-N-tert-butyldimethylsiloxyamino)-4'-[bis(4-methoxyphenyl)am
ino}benzophenone (6). To a solution of4 (15.4 g, 42.9 mmol) in THF (100 mL) was
added n-butyllithium (1.55 M hexane solution, 27.5 mL, 42.6 mmol) at -78 OC under
argon atmosphere. The solution was stirred for 1.5 h. Asolution of5 (l3.6 g, 41.2
mmol) in THF (100 mL) was dropped for 45 mim. The mixture was stirred for 2 h at
-78 OC, and then stirred at room temperature for 1 h. To the mixture was added water
(100 mL) and stirred over night. The organic layer was separated and the aqueous
layer was extracted with Et20. The organic layer was combined and dried over
MgS04. After filtration, the solvent was evaporated. The residue was
chromatographed on silica gel (AcOEt:n-hexane == 1:9 as eluent). A fraction (Rf =
O.31) afforded 6 as yellow solid (22.9 g, 91 O/o): 'H NMR (400MHz, CDC13) 6 7.67 (d, J
= 3.91 Hz, 2H), 7.64 (d, J= 3.91 Hz, 2H), 7.30 (br-d, J== 7.81 Hz, 2H), 7.14 (d, J== 8.79
Hz, 4H), 6.88 (d, J- 8.79 Hz, 4H), 6.85 (d, J= 8.79 Hz, 2H), 3.81 (s, 6H), 1.12 (s, 9H),
O.92 (s, 9H) -O.12 (br-s, 6H); '3C NMR (100 MHz, CDC13) 6 194.5, 156.8, 154.5, 152.4,
139.2, 134.7, 131.9, 129.1, 128.2, 127.7, 124.3, 116.7, 114.9, 61.4, 55.5, 26.3, 262, 18.0,
-4.6; Anal. Calcd for C37H46N204Si: C, 72.75; H, 7.59; N, 4.59. Found: C, 72.95; H,
7.56; N, 4.52.
    1,2-Bis[4-•(N-tert-butyl-N-tert-butyldimethylsiloxyamino)phenyl]-1,2-bis[4-{N,
IV--bis(4-methoxyphenyl)amino}phenyllethylene (7). This compound was prepared
by low valent titanium induced reductive coupling reaction, using the modified method
of literature [8]. TiCl4' 2THF complex (3.44 g, 9.99 mmol) was placed in a fiask
equipped with a reflux condenser and a dropping funnel under argon atmosphere.
Dry THF (40 mL) was added at -10 OC in ice-acetone bath. Zinc powder (1.81 g,
24.9 mmol) was added, and the resulting mixture was warmed to room temperature for
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30 mim and refluxed for 2.5 h. After cooling to -10 OC in ice-acetone bath, dry
pyridine (1 mL) was added. A solution of6 (3.05 g, 4.99 mmol) in dry THF (35 mL)
was dropped for 30 min. The resulting mixture was refluxed for 20 h. After
cooling to O OC in ice-water bath and diluted with CH2C12, the mixture was poured over
cold saturated NaHC03aq. The suspension was filtered through celite. The
organic layer was separated, and the aqueous layer was extracted with CH2C12. The
organic layer was dried over MgS04. After filtration, the solvent was evaporated.
The residue was chromatographed on silica gel (AcOEt:CH2C12:n-hexane = 1:39:60 as
eluent). A fraction (Rf= O.61) afforded 7 as yellow solid (1.19 g, 40 O/o, mixture of E-
and Z- isomer): iH NMR (400MHz, CDC13) 6 6.57-7.04 (m, 32H, Ar), 3.77 (s, 12H,
OCH3), 1.07 1.03 (E- or Z-, s, total-18H, t-Bu), O.87 (s, 18H, t-Bu) -O.16 (br-s, 12H,
SiCH3);i3C NMR (100 MHz, CDC13) 5 155.5, 155.4, 148.9, 146A, 146.3, 141.0, 140.9,
140.8, 140.4, 139.1, 136.9, 136.2, 132.1, 132.0, 130.4, 126.5, 126.2, 124.3, 119.6, 119.1,
114.5, 114.4, 60.7, 60.6, 55.4, 26.2, 18.0, -4.5, -4.6 (29 lines because of mixture of E-
and Z- isomer); FAB HRMS mlz calcd for C74Hg2N406Si2 1188.6555 [M]", found
1188.6567; calcd for C74Hg3N406Si2 1189.6634 [M+H]", found 1189.6594; Anal. Calcd
for C74Hg2N406Si2: C, 74.71; H, 7.79; N, 4.71. Found: C, 74.98; H, 7.84; N, 4.99.
    1,2-Bis[4-(IV-tert-buty1-N-hydroxyamino)phenyl]-1,2-bis{4-{7VgV-bis(4-methoxy
phenyl)amino}phenyl]ethylene (8). To a solution of 7 (449.4 mg, O.38 mmol) in
THF (10 mL) was added tetrabuhylammonium fluoride (1.0 M THF solution, 2.5 mL,
2.5 mmol) at O OC under argon atmosphere and stirred for 30 min. The reaction
mixture was warmed to room temperature and stirred for 2 h. After addition of Et20
and water, the organic layer was separated, and the aqueous layer was extracted with
Et20. The organic layer was dried over MgS04. After fi1tration, the solvent was
evaporated. The yellowish brown solid was washed with n-hexane and CH2Cl2 to
give 8 as white solid (242.6 mg, 67 O/o). The filtrate was evaporated to remove
solvent and chromatographed on silica gel (AcOEt:CH2C12:n-hexane = 2:48:50 to
-39-
10:40:50 as eluent) to afford 8 as yellowish brown solid (99.9 mg, 27 O/o). Total
amount of 8 through this reaction was 324.5 mg (94 O/o): iH NMR (400MHz, CDCI3) 6
6.53-7.01 (m, 32H, Ar), 3.74 3.72 (E- or Z-, s, total-12H, OCH3), 1.09 1.04 (E- or Z-, s,
total-18H, t-Bu); '3C NMR (100 MHz, CDC13) 6 155.4, 146.5, 146.4, 140.8, 140.6,
139.3, 136.6, 135.8, 132.1, l32.0, 130.7, 130.5, 126.4, 126.2, 123.3, 119.5, 118.8, 114.4,
60.6, 60.3, 55.4, 26.0, 25.9 (23 peaks because ofmixture ofE- and Z- isomer).
    1,2-Bisl4-(N-tert-butylaminoxyl)phenyl]-1,2-bisl4-{N,N-bis(4-methoxyphenyl)a
mino}phenyllethylene (2). To a solution of 8 (54.7 mg, O.0569 mmol) in CH2C12
(10 mL) was added Ag20 (134.1 mg, O.573 mmol) and stirred for 2 h at room
temperature. The reaction mixture was filtered througth Celite. The filtrate was
evaporated to remove solvent and chromatographed on silica gel
(Et20:CH2C12:n-hexane : 10:40:50 as eluent) to afford 2 as reddish brown solid (46.9
mg, 86 O/o): FAB HRMS mlz calcd for C62H63N406 959.4748 [M+H]', found 959.4763;
calcd for C62H64N406 960.4826 [M+2H]', found 960.4818; Anal. Calcd for
C62H62N406: C, 77.64; H, 6.52; N, 5.84; O, 10.01. Found: C, 77.46; H, 6.68; N, 5.s7; o,
10.00.
    4-[Bis(4-methoxyphenyl)amino]benzophenone (9). To a solution of
bromobenzene (2.80 g, 17.7 mmol) in THF (45 mL) was added n-butyllithium (1.55 M
hexane solution, 11.5 mL, 17.8 mmol) at -78 OC under argon atrnosphere. The
solution was stirred for 70 min. A solution of5 (5.53 g, 16.7 mmol) in THF (30 mL)
was dropped for 20 mim. The mixture was stirred for 30 mim at -78 OC, and then
stirred at room temperature for 1.5 h. To the mixture was added water (100 mL) and
stirred over night. The organic layer was separated and the aqueous layer was
extracted with Et20. The organic layer was combined and dried over MgS04.
After filtration, the solvent was evaporated. The residue was chromatographed on
silica gel (AcOEt:CH2Cl2:n-hexane = 1:49:50 as eluent). A fraction (Rf = O.41)
afforded 9 as yellow solid (5.28 g, 73 O/o): iH NMR (400MHz, CDC13) 6 7.74 (d, J=
-40-
6.84 Hz, 2H, Ar), 7.67 (d, J= 8.79 Hz, 2H, Ar), 7.52 (t, J= Hz, IH, Ar), 7.44 (t, J =
Hz, 2H, Ar), 7.14 (d, J== 8.79, 4H, Ar),6.88 (d, J== 8.79, 4H, Ar), 3.81 (s, 6H, OCH3);
i3C NMR (100 MHz, CDC13) 5 194.9, 156.9, 152.6, l392, 138.7, 132.0, 131.3, 129.5,
128.0, 1278, 116.7, 114.9, 55.5.
    1,2-Bis[4-{di(4-methexyphenyl)amino}phenyll-1,2-diphenylethylene (10).
This compound was prepared by low valent titanium induced reductive coupling
reaction, using the modified method of literature [9]. TiC14•2THF complex (4.76 g,
13.8 mmol) was placed in a fiask equipped with a reflux condenser and a dropping
funnel under argon atmosphere. Dry THF (30 mL) was added at -10 OC in
ice-acetone bath. A solution of9 (3.77 g, 9.21 mmol) in dry THF (35 mL) was dropped
into the yellow suspension for 40 min, and the reaction mixture turned to black. Zinc
powder (2.05 g, 28.2 mmol) was added for 10 mim. The resulting mixture was
stirred at room temperature for1h and refluxed for 18 h. After cooling to O OC in
ice-water bath and diluted with CH2Cl2, the mixture was poured over cold saturated
NaHC03aq. The organic layer was separated, and the aqueous layer was extracted
with CH2C12. The organic layer was combined and dried over MgS04. After
filtration, the solvent was evaporated. The residue was washed with hot
CHC13-n-hexane to afforded 10 as yellow powder (2.84 g, 78 O/o). The filtrate and
washing was evaporated and chromatographed on silica gel (AcOEt:CH2Cl2:n-hexane =
2:38:60 as eluent). A fraction (Rf== O.55) afforded 10 as yellow powder (O.24 g, 7 O/o).
Total amount of 10 through this reaction was 3.08 g (85 O/o, mixture of E- and Z-
isomer): iH NMR (400MHz, CDCI3) 6 6.61-7.16 (m, 34H, Ar), 3.77 (s, 12H, OCH3);
i3C NMR (100 MHz, CDC13) 5 155.5, 155.4, 146.6, 146.5, 144.2, 143.9, 140.9, 140.8,
139.8, 139.7, 136.4, i36.1, 131.9, 131.4, 127.4, 126.3, 126.2, 126.0, 119.6, 114.5, 114.4,
55.5 (22 peaks because of mixture of E- and Z- isomer); FAB HRMS m!z calcd for
Cs4H46N204 786.3458 [M]', found 786.3484; Anal. Calcd for Cs4H46N204: C, 82.42; H,
5.89; N, 3.56; O, 8.13. Found: C, 82.14; H, 6.14; N, 3.37; O, 8.04.
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Electrochemical Measurement
    The cyclic voltammetry (CV) measurements were carried out in benzonitrile
solution containing O.1 M tetrabutylammonium tetrafiuoroborate as a supporting
electrolyte (25 OC, scan rate 100 mVlsec) using an ALSIchi Electrochemical Analyzer
Model 612A. A three-electrode assembly was used, which was equipped with a
platinum disk (2 mm2), a platinum wire, and AglO.Ol M AgN03 (acetonitrile) as the
working, the counter, and the reference electrode, respectively. The redox potentials
were referenced against ferrocenelferrocenium (FclFc") couple.
UV/VislNIR Spectrum Measurement
    UVIVislNIR spectra were obtained with a Perkin Elmer Lambda 19 spectrometer.
Spectroelectrochemical measurements were carried out with self-•constructed optically
transparent thin-layer electrochemical (OTTLE) cell (light pass length = lmm)
equipped with a platinum mesh, a platinum coil, and a silver wire as the working, the
counter, apd the pseudo-reference electrode, respectively. The potential was applied
with an ALSIchi Electrochemical Analyzer Model 612A.
ESR Measurement
    ESR spectra were recorded on a JEOL JES-SRE2X or a JEOL JES-TE200 X-band
spectrometer, in which temperature was controlled by a JEOL DVT2
variable-temperature unit or an Oxford ITC503 temperature controller combined with
an ESR 910 continuous flow cryostat, respectively. A Mn2'IMnO solid solution was
used as a reference for the determination ofg values and hyperfine coupling constants.




    Magnetic susceptibilities of the powder samples were measured by a Quantum
Design MPMS-5S system. The raw data were porrected for both the magnetization
of sample holder alone and the diamagnetic contribution of the sample itself. The
estimation ofthe diamagnetic contribution was done by using Pascal's constants.
1.3 Results and Discussion
1.3.1 Synthesis
    The synthesis of bisnitroxide 2 is outlined in Scheme 3. Monolithiated
1,4-dibromobenzene was coupled with 2-methyl-2-nitrosopropane to give
hydroxylamine (3). The hydroxylamine 3 was protected with tert-butyldimethylsilyl
group to afford 4. 0n the other hand, cyano-substituted triphenylamine (5) was
prepared using Ullmann coupling reaction from corresponding 4-arninobenzonitrile and
4-idoanisole. The yield is comparable to that of the Pd(O)-catalyzed amination
reaction. Asymmetrically substituted diarylketone (6) was prepared by addition of
the nitrile (5) to the lithiated 4 and subsequent hydrolysis. The reductive coupling of
the ketone 6 with a low-valent titanium reagent [8] gave a mixture of cis- and
trans-isomers of 7. After desilylation of 7 with tetrabutylammonium fiuoride to
afford bishydroxylamine (8), the desired bisnitroxide 2 was obtained by oxidation wnh
Ag20. The ratio of the two isomers for the precursor 8 was estimated to be 41:59
from the iH- and i3C-NMR spectra.
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Scheme 3. Synthetic ro ute for 2a
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7 (400/e) R = SiMe2t-BU
8 (94 01o) R= H
2 (860/o) R= .
aReagents: (a) n-BuLi, THF; (b) t-BuNO, THF; (c) aq. NE[4Cl; (d) t-BuMe2Cl,
imidazole, DMF; (e) 4-iodoanisole, Cul, K2C03; (D n-BuLi, THF; (g) 4, THF;
(h) H20; (i) TiC14, Zn, pyridine, THF; G) n-Bu4E THF; (k) Ag20, CH2C12.
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1.3.2 Electrochemistry
    Effective conversion of through-bond magnetic interaction after and before
oxidation of 2 postulates a lower oxidation potential of the TPE moiety than the two
nitroxide groups. The cyclic voltammogram of 2 in 1 mM benzonitrile solution
containing O.1 M tetrabutylammonium tetrafluoroborate is shown in Figure 1, and the
redox potentials of 2 and related compounds are summarized in Table 1. In
comparison with the first oxidation potential of the non-nitroxide-substituted TPE (10)
[9] and the N-tert-butyl-N-phenylnitroxide (11) [1O], it was confirmed that the first two
consecutive reversible one-electron transfer steps correspond to the oxidation of the
TPE moiety, while the third two-electron transfer process to the oxidation of the two
nitroxide groups. The observed peak separations of 74, 70, and 69 mV for the first to
third redox processes were 1arger than the theoretical value of 56.5 mV at 298 K [11].
All these peak separations are probably caused by cis-trans mixture of the present
sample.









aO.1 M n-Bu4NBF4 in PhCN, potential vs. FclFc', Pt ' electrode, 25eC, scan rate 100 mV
s-i. b Quasi two-electron transfer process. CIrreversible oxidation process represented
by anodic peak potential.
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                 E 1V vs. FclFc'




    Moreover, it was clarified that the two nitroxide groups of 2 are
antiferromagnetically coupled from the temperature dependence of the molar magnetic
susceptibility (L2rM) of the powder sample measured by the SQUID magnetometer
(Figure 2). The zMT value decreases with decreasing temperature from O.75 emu K
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mol-i corresponding to independent two spins of S= 112 to O emu K mol-i
corresponding to antiferromagnetically coupled two spins of S == 112. The measured
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       2k. (1)
where fi and f2 are the mole fractions of the two isomers, Ji and J2 the magnetic
exchange coupling constants (the positive and negative values indicate ferromagnetic
and antiferromagnetic interactions, respectively) for the two isomers, NA the Avogadro
number, g the isotropic g-factor, kB the Boltzmann constant, and ,"B the Bohr magneton.
The first two terms represent the Bleany-Bowers singlet-triplet model [13]
corresponding to the two isomers, and the third is the Curie term originating from very
small quantity of spin doublet impurity like mononitroxide radicals. The best fitted
values forfi,f2, Ji, and 12 were estimated to befi = O.27,f2 == O.71, JilkB = -66 K (-O.13
kcallmol), and J21kB = -93 K (-O.18 kcallmol), indicating intramolecular
antiferromagnetic interaction for both isomers. Moreover, the ratio of the two
isomers in 2 can be estimated at 28:72 fromfi andf2 values. This ratio is in fairly
good accordance with that estimated from the NMR data of the precursor 9. From
the DFT calculations at the UB3LYP16-31G" level [14], the ground states for cis- and
trans-isomers of 2 were predicted to be both singlet state, and the singlet trans-isomer
lies O.24 kcal/mol lower than the singlet cis-isomer. This suggests that the
trans-isomer is a thermodynamically favorable isomer. In addition, the energy
•- 47 -
differences between the singlet and triplet states AEs-T (== 2.1) for cis- and trans-isomers
were predicted to be -O.47 and -O.49 kcal/mol, respectively. This indicates that the
trans-isomer has a large Jvalue as compared with the cis-isomer. Therefore,fi andf2
are likely to be assignable to the cis- and trans-isomers, respectively.
    O.7
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. Temperature dependence of magnetic susceptibility (xM) of 2 (open
Solid curve represent the best theoretical fit to the data (see text).
1.3.4 ESR Spectroscopy
    The EPR spectrum of 2 in a frozen toluene matrix at 123 K showed a
fine-structured spectrum characteristic for the spin triplet species (Figure 3). The
forbidden ZM4s = Å}2 resonance was also detected in a half-field region of the allowed
zVLts = Å}1 resonance, indicating the existence of spin triplet species [12].
    On the other hand, when 2 equiv. of tris(4-bromophenyl)aminium hexachloro
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antimonate are added to 2 in tolueneln-butyronitrile 1:1 solution at 195 K, the EPR
spectrum of22' was completely changed from the one observed for neutral 2 to the one
with the typical anisotropic hyperfine structure for the randomly oriented mononitroxide
radical (Figure 4). This strongly indicates that the two nitroxide groups in 22' are no
longer coupled magnetically owing to rotational motion about the olefinic bond [13].
Note that the principal value (Azz) [15] for the perpendicular direction to the nitroxide
plane of the hyperfine coupling tensor of 22' takes a small value (19.28 G) as compared
with the corresponding value (27.99 G) of 11. This suggests that spin density on the
nitrogen atoms of the nitroxide groups decreases on going from 2 to 22', refiecting the
spin delocalization over the whole molecule.
    To check the reversibility between 2 and 22', 22" was treated with an excess of
hydrazine monohydrate. Consequently, the same EPR spectrum as as-prepared 2
(Figure 3) was retrieved from the hyperfine-structured spectrum due to the independent
nitroxide radical of 22' (Figure 4). From the viewpoint of redox-switching of
through-bond magnetic interaction, on- and off-tstates correspond to the cis-trans
mixture of2 and the dication 22', respectively.
1.3.5 Spectroelectrochemistry
    The reversibility was also confirmed spectroelectorochemically. Absorption
spectra for 22' at a forward bias of +O.4 V vs. FclFc' and 2 at a reverse bias at -O.1 V vs.
FclFc' in dichloromethane solution containing O.1 M tetrabutylammonium
tetrafluoroborate are shown in Figure 5. In applying a forward bias of +O.4 V, the
increase of the band at 536 and 760 nm, and the decrease of the band at 309 um were
observed. The several electrochemical cycling experiments reversibly reproduced the
spectra corresponding to 2 and 22' (Figure 5).
-49-
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 Figure 3. EPR spectra of2 in frozen toluene
 forbidden ZVt4s == Å}2 resonance at 123 K (inset).
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 Figure 4. EPR spectrum of 2 after treatment with 2 equiv. of
 tris(4-bromophenyl)aminium hexachloroantimonate in tolueneln-butyronitrile
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Figure 5. Absorption spectral change of 2 in CH2C12 at room temperature
upon several electrochemical cycling between +O.4 and -O.1 V vs. FclFc".
l.4 Conclusion
    The synthesis of diradical 2 having the tetraphenylethylene skeleton was succeeded
by using a low-valent titanium reagent, although the separation of cis- and
trans-isomers is met with failure so far, and it is found that the neutral diradical 2 in the
solid state showed antiferromagnetic interaction between radical spins. The
e}ectrochemical measurement showed the core tetraphenylethylene skelton have the
lower oxidation potential than the substituted nitroxide moiety. It was found by ESR
measurement in frozen solution that the neutral diradical 2 shows the fine-structured
spectrum characteristic for the spin triplet species, while 2 after treatment with 2 equiv.
of tris(4-bromophenyl)aminium hexachloroantimonate shows the typical anisotropic
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hyperfine-structured one for the randomly oriented mononitroxide radical, indicating the
dramatical change of intramolecular magnetic interaction. The reversibility was
confirmed from the fact that the ESR spectrum for neutral diradical 2 is recovered with
a chemical reduction, and the absorption spectrum is spectroelectrochemically
reversible for several cycles,
    The above described results strongly suggest that the present diradical 2 can
operate as a redox-switch of through-bond magnetic interaction. It is anticipated that
current investigations will lead to more versatile switching systems when the radical
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                       Chapter2
Redox-Switching of Intramolecular Magnetic
Interaction: Tetraarylethylene Bearing Two
               meta-Nitroxyl Groups
2.1 Introduction
    It is well known that tetraphenylethylene (TPE) involves the drastic change of
molecular structure with responding to the redox reaction; that is to say, the C=C double
bond is elongated like a C-C single bond and concomitantly rotational motion about the
olefinic bond takes place. Such free rotation was experimentally confirmed by
reversal coulometric experiments. For example, when the cis-form of
1,2-bis(4-dimethylaminophenyl)-1,2-diphenylethylene was subjected to complete
oxidation and subsequent complete reduction, the NMR spectrum of the fuIly reduced
product gave an evidence for a mixture of cis- and trans-isomers [1]. More
unequivocal evidence was afforded by the X-ray structural analyses of the isolated
mono- and dications of 1,1,2,2-tetrakis(4-methoxyphenyl)ethylene, in which the
rotational angle around ethylenic C-C bond increases on going from mono- to
di-cationic state as compared with neutral state [2].
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    Such drastic structural change including conversion of n-conjugation can be
utilized as a redox-switchable spin coupling unit. The interconversion of
intramolecular magnetic interactions between two radical moieties has been achieved by
using 1,2-bis(3-thienyl)ethene and 1,2-bis(2-thienyl)ethene as a photo-switchable spin
coupling unit [3]. To create a new type ofredox-switchable intramolecular magnetic
interaction converting organic molecules, it has been designed and synthesized, the
novel TPE carrying two nitroxide radical, 1,2-Bis[4-(N-tert-butylaminoxyl)phenyl]-
1,2-bis[4-{N,N-bis(4-methoxyphenyl)amino}phenyl]ethylene (1) in Chapter 1 of this
thesis. The neutral 1 showed a strong antiferromagnetic interaction through
n-conjugated network between radical centers. On the other hand, the spin-spin
correlation in the oxidized 1 disappears in conjunction with interception of
n-conjugation between two nitroxide groups (Scheme 1). In this chapter,
1,2-Bis[3-(N-tert-butylaminoxyl)phenyl]-1,2-bis[4-{N,N-bis(4-methoxyphenyl)amino}
phenyl]ethylene (2) as a structural isomer of 1 was investigated by means of the
electrochemistry and the ESR spectroscopy.
Schemel. Redox-switchingofthrough-bondmagneticinteraction
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    iH and i3C spectra were recorded on a JEOL JNM-AL400, JNM-EX400 or
JNM-AL300 spectrometer, and chemical shifts are given in parts per million (ppm)
relative to internal tetramethylsilane (6 O.OO ppm). Elemental analyses were
performed by Center for Organic Elemental Microanalysis, Kyoto University.
Materials
    Toluene and n-butyronitrile were distilled from CaH2 under an argon atmosphere,
tetrahydrofuran (THF) was distilled from potassium-benzophenone under an argon
atmosphere, N,N-dimethylformamide (DMF) was dried over molecular sieves 4A, and
benzonitrile was dried through alumina (ICN, Alumina N, Akt. I) column with bubbling
of argon, just before use. All the other purchased reagents and solvents were used
without further purification. Column chromatography was performed using silica gel
(Kanto Chemical Co., Inc., Silica gel 60N, spherical neutral).
    N-3-Bromophenyl-•N-tert-butylhydroxyamine (3). To a solution of
1,3-dibromobenzene (7.08 g, 30.0 mmoD in THF (100 mL) was added n-butyllithium
(1.55 M hexane solution, 22.0 mL, 34.1 mmol) at -78 eC under an argon atmosphere.
The solution was stirred for 45 min. A solution of2-methyl-2-nitrosopropane (3.14 g,
36.0 mmol) in THF (50 mL) was dropped for 30 min. The mixture was stirred at -78
OC for 1 h, and then stirred at room temperature for 4 h. To the mixture was added
5 O/o aqueous ammonium chloride (100 mL). The organic layer was separated and the
aqueous layer was extracted with Et20. The organic Iayer was combined and dried
over MgS04. After filtration, the solvent was evaporated. The residue was
washed with n-hexane and ethyl acetate to give 3 as white solid (4.07 g, 56 O/o). The
filtrate was evaporated to remove solvent and chromatographed on silica gel
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(AcOEt:n-hexane = 1:9 as eluent). A fraction (Rf = O.49) afforded 3 as gray solid
(1.51 g, 20 O/o). Total amount of 3 through this reaction was 5.58 g (76 O/o): iH NMR
(300MHz, CDCI3) 6 7.43-7.42 (m, IH), 7.24-7.21 (m, IH), 7.12-7.08 (m, 2H), 6.14 (s,
IH), 1.12 (s, 9H); '3C NMR (75 MHz, CDC13) 6 150.9, 128.7, 128.0, 127.4, 123.2,
121.3, 60.9, 25.9.
    N-3-Bromophenyl-N-tert-butyl--N-tert-butyldimethylsiloxyamine (4). To a
solution of tert-butyldimethylchlorosilane (1.36 g, 9.00 mmol) and imidazole (1.28 g,
18.6 mmol) in DMF (5 mL) was added 3 (1.83 g, 7.50 mmol). The resulting solution
was stirred at 40 eC for 16 h under an argon atmosphere. To the mixture was added
CH2C12 and water. The organic layer was separated and the aqueous layer was
extracted with CH2CI2. The organic layer was combined and dried over MgS04.
After filtration, the solvent was evaporated. The residue was chromatographed on
silica gel (n-hexane as eluent) to afford 4 as colorless oil (2.58 g, 96 O/o): iH NMR
(300MHz, CDC13) 5 7.41 (br-s, IH), 7.22-7.03 (m, 3H), 7.24-7.21 (m, IH), 1.07 (s,
9H), O.89 (s, 9H), -O.14 (br-s, 6H); i3C NMR (75 MHz, CDC13) 6 152.7, 128.5, 128.1,
127.7, 123.8, 121.0, 61.2, 26.1, 17.9, -4.7.
    3-(AI-tert-Butyl-N-tert-butyldimethylsiloxyamino)-4'-(bis(4-methoxyphenyl)am
ino]benzophenone (5). To a solution of4 (6.18 g, 17.2 mmol) in THF (50 mL) was
added n-butyllithium (1.55 M hexane solution, 13 mL, 20.2 mmol) at -78 OC under an
argon atmosphere. The solution was stirred for 1 h. A selution ofbis(4-methoxy
phenyl)aminobenzonitrile (6.84 g, 20.7 mmol) in THF (60 mL) was dropped for 30 mim.
The mixture was stirred for 1 h at -78 OC, and then stirred at room temperature for 1 h.
To the mixture was added water (100 mL) and stirred over night. The organic layer
was separated and the aqueous layer was extracted with Et20. The organic layer was
combined and dried over MgS04. After filtration, the solvent was evaporated.
The residue was chromatographed on silica gel (ethyl acetate:n-hexane = 1 :4 as eluent)
to afford 5 as yellow solid (7.93 g, 75 O/o): 'H NMR (400MHz, CDC13) 6 7.64 (d, J= 8.9
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Hz, 2H), 7.57 (br-s, IH), 7.48 (dt, J='7.3, 1.3 Hz, IH), 7.42 (br-s, IH), 7.31 (t, J- 7.7
Hz, IH), 7.13 (d, J= 8.9 Hz, 4H), 6.88 (d, J = 8.9 Hz, 4H), 6.82 (d, J= 8.9 Hz, 2H),
3.81 (s, 6H), 1.09 (s, 9H), O.89 (s, 9H), -O.11 (br-s, 6H); '3C NMR (100 MHz, CDC13) 6
195.0, 156.9, 152.5, 150.7, 139.2, 138.0, 131.9, 128.2, 127.9, 127.8, 127.1, 126.1, 125.9,
116.6, 114.9, 61.1, 55.5, 26.2, 26.1, 18.0, -4.5; 'H NMR (400MHz, C6D6) 6 7.97 (br-s,
IH), 7.93 (d, J== 8.8 Hz, 2H), 7.65 (d, J = 7.6, IH), 7.38 (br-s, IH), 7.06 (dd, J= 7.8,
7.6 Hz, IH), 7.00 (d, J== 9.0 Hz, 4H), 6.95 (d, J- 8.8 Hz, 2H), 6.69 (d, J== 9.0 Hz, 4H),
3.28 (s, 6H), 1.05 (s, 9H), O.97 (s, 9H), O.OO (br-s, 6H); Anal. Calcd for C37H46N204Si:
C, 72.75; H, 7.59; N, 4.59. Found: C, 72.59; H, 7.47; N, 4.51.
    1,2-Bis(3-(N-tert-butyl-IV-tert-butyldimethylsiloxyamino)phenyl]-1,2-bis[4-{N,
N-bis(4-methoxyphenyl)amino}phenyl]ethylene (6). 6 was prepared by low valent
titanium induced reductive coupling reaction, using the modified method of literature
[4]. TiC14'2THF complex (4.31 g, 12.5 mmol) was placed in a flask equipped with a
reflux condenser and a dropping funnel under argon atmosphere. Dry THF (40 mL)
was added at -10 eC in ice-acetone bath. Zinc powder (2.27 g, 31.2 rumol) was
added and the resulting mixture was stirred at room temperature for 1 h and refluxed for
3 h. After cooling to -1O OC in ice-acetone bath, dry pyridine (1 mL) was added. 7 (3.06
g, 5.01 mmol) in dry THF (50 mL) was dropped for 20 min. The resulting mixture
was refluxed for 16 h. After cooling to room temperature and diluted with CH2C12,
the mixture was poured over cold saturated NaHC03aq. The suspension was filtered
through celite. The organic Iayer was separated, and the aqueous layer was extracted
with CH2C12. The organic layer was combined and dried over MgS04. After
filtration, the solvent was evaporated. The residue was chromatographed on silica gel
(ethyl acetate:CH2C12:n-hexane == 1:29:70 as eluent) to afford 6 as yellow solid (fraction
A (6a) 1.33g, fraction B (6b) O.37g; total 1.70 g, 57 O/o, (E)!(Z) = 78122): Fraction A
(6a) (E)-isomer Rf = O.33 (silica gel, ethyl acetate:n-hexane ==1:9); iH NMR (400MHz,
CDC13) 6 6.80-7.04 (m, 8H), 6.94 (d, J- 9.1, 8H), 6.75 (d, J- 9.1 Hz, 8H), 6.72 (d, J==
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8.3 Hz, 4H), 6.55 (d, J== 8.3 Hz, 4H), 3.76 (s, 12H), O.95 (s, 18H), O.86 (s, 18H), -O.15
(br-s, 12H); '3C NMR (100 MHz, CDC13) 6 155.4, 150.5, 146.2, 143.9, 140.8, 139.6,
136.1, 131.9, 128.3, 127.8, 126.5, 126.3, 122.9, 119.3, 114.4, 60.6, 55.5, 26.2, 26.1, 18.0,
-4.5; FAB HRMS (m-nitrobenzyl alcohol) mlz calcd for C74Hg3N406Si2 [M+H]'
1189.6634, found 1189.6677; Anal. Calcd for C74Hg2N406Si2: C, 74.71; H, 7.79; N, 4.71.
Found: C, 74.41; H, 7.69; N, 4.61; Fraction B (6b) (Z)-isomer Rf = O.20 (silica gel,
ethyl acetate:n-hexane ==1:9); 'H NMR (400MHz, CDCI3) 6 7.01 (d, J == 9.0, 8H),
6.90-6.96 (m, 8H), 6.79 (d, J == 9.0 Hz, 8H), 6.77 (d, J= 8.5 Hz, 4H), 6.67 (d, J== 8.5
Hz, 4H), 3.77 (s, 12H), O.90 (s, 18H), O.85 (s, 18H), -O.18 (br-s, 12H); '3C NMR (loO
MHz, CDC13) 6 155.4, 150.4, 146.4, 143.3, 141.0, 139.7, 136.8, 131.9, 128.4, 127.9,
126.5, 126.2, 122.8, 119.8, 114.5, 60.7, 55.5, 26.2 [two kinds of carbon concerning
methyl group, -C(CH3)3, have same chemical sift.], 18.0, -4.5; FAB HRMS
(m-nitrobenzyl alcohol) mlz calcd for C74Hg3N406Si2 [M+H]' 1189.6634, found
1189.6584; Anal. Calcd for C74Hg2N406Si2: C, 74.71; H, 7.79; N, 4.71. Found: C, 74.41;
H, 7.79; N, 4.61.
    1,2-Bisl3-(N-tert-butyl-N-hydroxyamino)phenyll-1,2-bisl4-{NiN-bis(4-methoxy
phenyl)amino}phenyl)ethylene (7a). To a solution of6a (953 mg, O.801 mmol) in
THF (12 mL) was added tetrabuhylammonium fluoride (1.0 M THF solution, 1O mL, 1O
mmol) at O OC under argon atmosphere and stirred for 15 min. The reaction mixture
was warmed to room temperature and stirred for 2 h. After addition of Et20 and water,
the organic layer was separated, and the aqueous layer was extracted with Et20. The
organic layer was dried over MgS04. After filtration, the solvent was evaporated.
The orange solid was washed with n-hexane and CH2C12 to give 7a as yellow solid (181
mg, 23 O/e). The filtrate was evaporated to remove solvent and chromatographed on
silica gel (ethyl acetate:CH2C12:n-hexane = 10:40:50 to 20:30:50 as eluent) to afford 7a
as yellow solid (222 mg, 29 O/o). Total amount of 7a through this reaction was 403
mg (52 O/o): iH NMR (400MHz, CDCI3) 6 7.05-7.08 (m, 4H), 6.99 (br-s, 2H), 6.95 (d, J
.. 60 -
= 9.0 Hz, 8H), 6.85-6.88 (m, 2H), 6.76 (d, J- 9.0 Hz, 8H), 6.72 (d, J= 8.8 Hz, 4H),
6.56 (d, J == 8.8 Hz, 4H), 5.96 (br-s, 2H), 3.76 (s, 12H), O.96 (s, 18H); '3C NMR (100
MHz, CDC13) 6 155A, 148.7, 146.2, 144.0, 140.7, 139.5, 135.8, 131.8, 128.1, 127.5,
126.7, 126.3, 122.1, 119.1, 114.4, 60.3, 55.4, 25.9; AnaL Calcd for C62H64N406: C,
77.47; H, 6.71; N, 5.83; O, 9.99. Found: C, 77.38; H, 6.70; N, 5.75; O, 9.99.
    1,2-Bis[3-(N-tert-butyl-aminoxyl)phenyl]-1,2-bis[4-{N,IV-bis(4-methoxyphenyl)
amino}phenyl]ethylene (2a). To a solution of 7a (222 mg, O.231 mmol) in CH2C12
(20 mL) was added Ag20 (326 mg, 1.39 mmol) and stirred for 2 h at room temperature.
The reaction mixture was fiItered through celite. The filtrate was evaporated to
remove solvent and chromatographed on silica gel (ethyl acetate:CH2C12:n-hexane =
20:30:50 as eluent) to afford 2a as reddish brown solid (52.8 mg, 24 O/o): ESR (toluene)
5 lines, g= 2.006, IaNl12 = 6.9 G.
Electrochemieal Measurement
    The cyclic voltammetry measurements were carried out in benzonitrile solution
containing O.1 M tetrabutylammonium tetrafluoroborate as a supponing electrolyte (25
OC, scan rate 100 mVlsec) using an ALS/chi Electrochemical Analyzer Model 612A.
A three-electrode assembly was used, which was equipped with a platinum disk (2
mm2), a platinum wire, and AglO.Ol M AgN03 (acetonitrile) as the working, the counter,
and the reference electrode, respectively. The redox potentials were referenced
against ferrocenelferrocenium (FclFc") couple.
ESR Measurement
    ESR spectra were recorded on a JEOL JES-SRE2X spectrometer, in which
temperature was controlled by a JEOL DVT2 variable-temperature unit, and a
Mn2"IMnO solid solution was used as a reference for the determination ofg values and
hyperfine coupling constants.
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2.3 Results and Discussion
2.3.1 Synthesis
    The synthesis of bisnitroxide 2 was carried out by the similar route with that of 1,
which is outlined in Scheme 2. Monolithiated 1,3-dibromobenzene was coupled with
2-methyl-2-nitrosopropane to give hydroxylamine 3. The hydroxylamine 3 was
protected with tert-butyldimethylsilyl group. Asymmetrically substituted
diarylketone 5 was prepared by addition of bis(4-methoxyphenyl)aminobenzonitrile to
the lithiated 4 and the subsequent hydrolysis. The reductive coupling ofthe ketone 5
with a low-valent titanium reagent gave 6a (trans-isomer) and 6b (cis-isomer) at the
ratio of 6a16b == 78122. Here, we regarded 6a as the trans-isomer because the ESR
spectrum for 2a derived from 6a indicates that 2a takes the trans configuration (see
ESR Section). After desilylation of 6a with tetrabutylammonium fluoride, the
desired bisnitroxide 2a was obtained of 7a by oxidation with Ag20. Bisnitroxide 2a
was unstable as compared with para-nitroxyl substituted 1. The instability of this
kind ofnitroxide is ascribed to the isomerization to aminoquinone imine N-oxide [5].
2.3.2 Electrochemistry
    Effective conversion of intramolecular magnetic interaction after and before
oxidation of 2a postulates a lower oxidation potential of the TPE moiety than the two
nitroxide groups. The cyclic voltammogram of 2a measured in 1 mM benzonitrile
solution is shown in Figure 1. In comparison with the first oxidation potentials of the
non-nitroxide-substituted TPE (8) [6] and the N-tert-buty1-N-phenylnitroxide (9) [7], it
is concluded that the first quasi two-electron transfer process corresponds to the
oxidation of the TPE moiety, while the second irreversible two-electron transfer process
to the oxidation of the two nitroxide groups (Table 1). The observed separation ofthe
anodic and cathodic current peaks for the first redox process (68 mV) is larger than the
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theoretical value of 28 mV for the reversible two-electron transfer process [8].




consecutive one-electron oxidation processes. The similar redox behavior was also
observed for 1,1,2,2-tetrakis(4-methoxyphenyl)ethylene in a polar solvent like
acetonitrile [1]. In 2a, the redox process of the TPE moiety approaches a
two-electron transfer, whereas two resolved one-electron transfer redox waves were
observed in para-nitroxyl substituted 1 (see Chapter 1). This contrast is closely
related to the fact that the para-substituting nitroxyl groups affect the oxidation process
of the TPE moiety through z-conjugation as compared to the meta-substituting nitroxyl
groups.
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Figure 1. Cyclic voltammograms of 1 in the cases of (a) lower
tum-around potential and (b) higher turn-around potential in benzonitrile
containing O.1 M n-Bu4NBF4 at 298 K, scan rate 1OO mVls.
2.3.3 ESR spectroscopy
    The ESR spectrum of2a in toluene solution at room temperature showed five lines
with 1:2:3:2:1 intensity due to two equivalent nitroxyl nitrogen atoms at g = 2.006 with
a hyperfine coupling constant laNI12 of 6.9 G. The hyperfine coupling constant of 2a
was observed to be slightly larger than that of9 (laNl = 12.3 G).
    In a frozen toluene solution at 123 K, a unresolved fine-structured spectrum was
observed as shown in Figure 2, and the forbidden zVt4s = Å}2 resonance was also detected
in a half-field region of the allowed AA4s = Å}1 resonance, indicating the spin triplet state.
The spectral simulation has been failed so far, which suggest that several conformers
with the different parameters have to be considered. However, given that the
zero-field splitting parameter (D) is 30.4 G from the separation of the highest and the
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lowest field resonances in g = 2 region, the average distance between the spin centers
was estimated to be 9.7 A on the basis ofthe point dipole approximation (eq. 1) [9];
                            D= (3 12)(gL(Blr3) (1)
,where g is the isotropic g-factor, ,L(B the Bohr magneton and r the average spin-spin
distance. On the other hand, the quantum chemical calculations for the model
compounds of2 were canied out at UB3LYP16-31G* level of theory (see Chapter 3)
[1O], and the separations oftwo nitroxyl nitrogen atoms were calculated to be 9.153 and
9.136 A respectively for the broken-symmetry singlet state and the triplet state of
cis-isomer; 10.565 and 10.562 A respectively for the broken-symmetry singlet state and
the triplet state of trans-isomer. Hence the average interspin distance estimated from
the ESR spectrum is somevvhat longer than the calculated one between two nitroxyl
nitrogen atoms for cis-isomer, and is shorter than that for trans-isomer. However, it
should be noted that the value estimated from the ESR spectrum is shorter than the
distance between the two nitrogen atoms because spin density on the nitroxyl moieties
is delocalized to some extent over the benzene rings. Therefore, it follows from what
has been described that 2a is trans-isomer.
    On the other hand, when 2 equiv. of tris(4-bromophenyl)aminium hexachloro
antimonate are added to 2a in n-butyronitrile solution at 195 K, the ESR spectrum of
2a2' completely changed from the one observed for neutral 2a to the one with the
typical anisotropic hyperfine structure for the randomly oriented
N-phenyl-N-tert-butylnitroxide radical (Figure 3). The principal value (Azz) for the
perpendicular direction to the nitroxide plane ofthe hyperfine coupling tensor of2a2' is
estimated to be 27.3 G [11]. This strongly indicates that the two nitroxyl groups in
2a2' are no longer coupled magnetically. Indeed, as confirmed by DFT calculations
for the model compound of transoid 2a2' at the UB3LYP16-3IG* level, the optimized
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geometry, irrespective of the spin state, showed a highly distorted conformation around
the olefinic bond: the bond length and the torsion angle about the olefinic bond were
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Figure 2. EPR spectra of 2a in firozen toluene solution at 123








Figure 3. EPR spectrum
tris(4-bromophenyl)aminium
123 K








    Diradical 2a having nitroxyl groups at the meta-position was prepared by applying
the synthetic method of 1, and was found to be trans-isomer on the basis of the average
spin-spin distance estimated from the ESR spectrum. The cyclic voltammetry
showed the core tetraphenylethylene moiety has the lower oxidation potential than the
substituted nitroxide moiety. However, the first redox wave corresponding to TPE
moiety of 2a was umesolved in contrast with 1 showing two distinct one-electron
transfer processes. It was also found by ESR measurement in frozen solution that the
neutral diradical 2a showed the fine-structured spectrum characteristic for the spin
triplet species, while 2a after treatment with 2 equiv. of tris(4-bromophenyl)aminium
hexachloroantimonate showed the anisotropic hyperfine-structured spectrum typical of
the randomly oriented mononitroxide radical, indicating the drastic change of
intramolecular magnetic interaction, as is the case ofpara-nitroxyl substituted 1.
    These results strongly suggest that the present diradical 2a can operate as a
redox-switchable intramolecular magnetic interaction converting system like the
para-nitroxyl substituted 1. However, it was found that the diradical 2a shows the
different electrochemical behavior from the diradical 1 owing to the difference of
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Chapter3
  Intramolecular Magnetic Interaction
     Controlled by Redox Reaction of
Tetraphenylethylene-Based Spin System
3.1 Introduction
    A molecular--level switch can be expected to play a fundamental role in the future
molecular electronic/photonic devices. For instance, when spin-bearing moieties are
incorporated into a molecular system showing a reversible structural change in response
to some external stimuli, the intramolecular magnetic interaction can be switched on
and off. Recently, Matsuda et al. have reported the photoswitching ofintramolecular
magnetic interaction between two nitronyl nitroxide radicals [1].
    To achieve effective redox switching of intramolecular magnetic interaction, we
focused on a remarkable structural change of tetraphenylethylene upon the redox input.
When tetraphenylethylene is oxidized to the cation or the dication, the ethylenic C-C
double bond is Iengthened to have a single bond character, and concomitantly the
torsional angle around the ethylenic bond takes place. Such a structural change was
confirmed by Kochi et al. [2]. The tetraphenylethylene derivatives with two
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tert--butylnitroxide radicals have been designed, 1,2-bis[x-(N-tert-butylaminoxyl)
phenyl]-1,2-bis [4-{N,N-bis(4-methoxyphenyl)amino}phenyl]ethylene (x = 4, p,p'-1; x
= 3, m,m'-1), as a redox-switchable system. In the neutral form (Scheme 1, left) a
strong intramolecular magnetic interaction exists between two nitroxide radicals
through z-conjugation, whereas the spin-spin correlation in the dicqtion form disappears
due to the torsional motion (Scheme 1, right). In this chapter, the author examined
the electronic structure of the neutral and dicationic forms for the model compounds of
p,p'-1 and m,m'-1 on the basis ofquantum chemical calculations.
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    For the simplified model compounds, p,p'-2 and m,m'-2, where all the tert-butyl
and anisyl groups ofp,p'-1 and m,m'-1 were replaced with hydrogen atoms, the hybrid
HFIDF (UB3LYP) calculations were performed with the 6-31G" basis set. Full
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geometry optimizations were carried out in C2 symmetry. For the calculation of the
open-shell singlet state, the broken-symmetry state corresponding to a 50:50
singlet-triplet wave function was calculated, and hereafter such a spin state is referred to
as "bs-singlet state". All of the computations were carried out with Gaussian 98
program package.
3.3 Results and Discussion
    First of all, the geometry optimization on the cis- and trans-isomers ofp,p'-2 and
m,m'-2, and on the cisoid and transoid conformers ofp,p'-22' and m,m'-22' for the
triplet and bs-singlet states were performed at the UB3LYP!6-31G" level. The trans
(or transoicD form was found to be stable as compared with the corresponding cis (or
cisoicl) form (Figure 1). The atomic numbering and the structural parameters of
p,p'-2 and m,m'-2 are defined as shown in Figure 2. The optimized bond lengths, the
quinoidal distortion (q), the ethylenic torsional angle (e, the aryl groups' dihedral angle
from the ethylenic plane (qi, qb) are shown in Table 1.
    In the neutral states ofp,p'-2 and m,m'-2, the cis- and trans-isomers were found to
be energetically competing. More noteworthy is that the geometrical accordance
between the both isomers except the ethylenic torsional angle (e was seen within a
discrepancy of O.OOI A and 2.00 [0 = 194.7e (triplet) and 195.70 (bs-singlet) for
cis-p,p'-2; 193.5e (triplet) and 193.50 (bs-singlet) for cis-m,m'-2]. Consequently, the
similar electronic structures were obtained for the both isomers. Hence, from now on,
                                                                   ,only the results of the trans-isomer are described to avoid repetition. On the other
hand, in the oxidized states (p,p'-22' and m,m'-22'), the spin preference was contrary
between the both isomers. In p,p'-22', it was found that the bs-singlet transoid form
competes with the excited triplet cisoid one. Therefore, we mention the both isomers
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ofp,p'-22' in the following discussion. As for m,m'-22', only the transoid form is
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Figure 1. Schematic diagrams ofrelative energies between two conformers and
their spin states forp,p'-2 (a), m,m'-2 (b),p,p'-22' (c), and m,m'-22' (d). T and S
represent the triplet and bs-singlet states, respectively. The relative energies are
in kcal mol-i.
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   Here, the quinoidal parameter (q) was evaluated using eq. (1) (ref. [2]);
                   g(O/,) -= 100 (di-d2)1(di'- d2') (1)
,where di is the average of the optimized bond lengths, Cg-Cio and Cg-Ci2 (ring A) or
C3-C4 and C3-C6 (ring B), d2 is the average of optimized bond lengths, Cio-Cii and
Ci2-Ci3 (ring A) or C4-Cs and C6-C7 (ring B), di' and d2' are taken from the bond
lengths ofp-benzoquinone optimized at the B3LYP16-31G* level (di' : 1.486 A and d2'
== 1.343 A).
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Figure 2. Definition of the atomic numbering and the
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p,p'-2 and m,m'-2. The benzene rings substituted with amino and aminoxyl group
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for the triplet and bs-singlet (italics) states ofp,p'-2 (trans), p,p'-22' (cisoid in O
                           and m,m'-22' (transoid in [ ]).
    In the neutral p,p'-2, the C3-C4 (C3-C6) bond length is longer than the C4-Cs
(C6-C7) in contrast to the neutral m,m'•-2 (Figure 3). This indicates moderate
quinoidal distortion in ring B ofp,p'-2. Note that a remarkable quinoidal distortion
was observed inp-phenylenebis(N-tert-butylaminoxyl) [3]. Apparently, the ethylenic
bond lengths (Ci-C2) are lengthened and the ethylenic torsinal angles (e) increase on
going from the neutral form to the dicationic one. These structural changes are
similar to those seen in the related compound [2]. Moreover, suchastructural change
is accompanied with the increasing ofthe quinoidal distortion (g) and the decreasing of
the dihedral angles (opi, {n2). This result indicates the geminal benzene rings, A and B,
in p,p'-22' and m,m'-22' take a coplanar conformation to cause the increasing of the
steric repulsion between ortho-hydrogen atoms of the two diarylmethine groups.
This leads to the drastic structural changes ofp,p'-2 and m,m'-2 upon oxidation. The
remarkable difference between p,p'-22' and m,m'-22' lies in the contribution of
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z-conjugation of the benzene ring B with the nitroxide group. In p,p'-22', the
quinoidal distonion of the benzene ring B is conspicuous (Table 1). On the other hand,
such a distortion is not anticipated in m,m'-22' due to meta-substitution of the nitroxide
group.
Tab}e 1. 0ptimized Bond Lengths (A) and Structural Parameters,
and op2 (O) forp,p'-2,p,p'-22', m,m'-2 and m,m'-22'
9 (O/o), o (o), qi (o)
p,p'-2 (trans) p,p'-22' (cisoicD p,p'-22' (transoicD
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  qi (o)



































































aCs-Ni forp,p'-2 andp,p'-22' and C7-Ni for m,m'-2 and m,m'-22'.
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Table 1. Continued.
m,m'-2 (trans) m,m'-22' (transoi(O









  e (o)
  qi (o)










































    To realize the redox switching ofintramolecular magnetic interaction inp,p'-2 and
m,m'-2, the electron should be removed from the ethylene moiety. In other words,
the energy Ievel of the HOMO distributed over the ethylene moiety must locate above
the energy levels of the singly occupied MOs (SOMOs) localized over the nitroxide
groups. The relative energy levels of the frontier orbitals and their MO patterns for
the tripletp,p'-2 and m,m'-2 are shown in Fig. 4. It was found that the HOMO levels
are higher by O.68 eV forp,p'-2 and O.22 eV for m,m'-2 than the two SOMOs (SOMO1,
SOM02). These results strongly suggest that the first oxidation process occurs from
the ethylene moiety. The energy. difference between ct-HOMO and 6-HOMO of
p,p'-2 was larger than that of m,m'-2. This indicates that the spin polarization effect
inp,p'-2 is stronger than that in m,m'-2. In other words, the sc-conjugated system of
tetraphenylethylene can be more perturbed by para-substitution of the nitroxide group
than by meta-substitution. In fact, the energy level ofthe HOMO inp,p'-2 is raised
bypara-substitution ofthe nitroxide group, owing to the out-of-phase orbital interaction.
On the other hand, the HOMO in m,m'-2 has almost no orbital coefficients at the
meta-substituted carbon atom, indicating negligible orbital interaction.
    In order to estimate the magnetic interaction, the effective exchange integral (,1)
was calculated using Yamaguchi's formula (eq. (2)) [4];
.r= (ELs - EHs)1(ÅqSiZÅrHs - ÅqSiZÅrLs) (2)
where ELs and EHs are the total energies calculated for the low and high spin states, and
ÅqS2ÅrHs and ÅqS2ÅrLs are the expectation values of total spin angular momentum
calculated for the high and low spin states. Table 2 sumrriarizes the relative energies
(AEs-T), ÅqS2År values and the effective exchange integrals (J). As a result, it was
found that p,p'-2 has a strong antiferromagnetic interaction in comparison with m,m'-2.
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Figure 4. The relative energy levels ofthe frontier orbitals and the MO patterns
for the tripletp,p'-2 (a) and m,m'-2 (b).
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Table 2. Calculated Relative Energies (AEs-T), ÅqS2År Values and Effective Exchange
Integrals (,1) forp,p'-2,p,p'-22', m,m'-2 and m,m'-22'
AEs-T (cal mori)a Åqs2ÅrT ÅqslÅrs J(cm-')
  p,p'-2 (trans)
 p,,p'.22' (cisoicl)
p,p'-22" (transoicD






















aEnergy relative to the triplet state, where the negative value means the triplet state is
higher in energy than the singlet state.
    To explain the magnitude ofthe calculated effective integrals for the neutral forms,
p,p'-2 and m,m'-2, we focused on their resonance structures. We cannot ignore
contribution of the closed-shell quinoid structure (Scheme 2), whereas m,m'-2 has no
contribution from such a structure. In other words, p,p'-2 is regarded as a Kekule
molecule, m,m'-2 as a non-Kekule one. Furthermore, two SOMOs in the bs-singlet
state of m,m'-2 do not overlap in their spatial distributions. In this case (disl'oint in
Borden's terminology [5]), in,m'-2 exhibits weak exchange interaction. Therefore, a
large antiferromagnetic interaction is expected for p,p'-2 having a Kekule structure,
while a weak magnetic interaction for m,m'-2 having a disJ'ointed non-Kekule structure.
For m,m'-22', the disl'ointed non-Kekule structure is maintained, and therefore, a weak
antiferromagnetic interaction is anticipated like m,m'-2. 0n the other hand, the spin
preference in 22' depends sensitively on the torsional angle like tetramethyleneethane,
in which the CI calculations showed the triplet ground state for the twisted structure (e
== 59e) and the singlet ground state for the planar (e= O") and perpendicular (e = 900)
structures [6, 7].
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Scheme 2. Resonance structures ofp,p'-2.
   oH-N'













    Calculated spin densities are listed in Table 3. The difference in strength of the
antiferromagnetic interaction betweenp,p'-2 and m,m'-2 can be explained by the degree
of the spin polarization. In fact, the spin density on Ci atom forp,p'-2 is 1arger than
that for m,m'-2, indicating a strong antiferromagnetic interaction in p,p'-2. In the
dicationic form, the spin densities on nitrogen atoms of the nitroxide groups remarkably
decrease as compared to those in the neutral form. In addition, the spin densities are
delocalized over the aminophenyl groups (ring A). This tendency is stronger in
p,p'-22" than in m,m'-22'.
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Table 3. Calculated Spin Densities
Triplet and Singlet States
on p,p'-2, p,p'-22', m,m'-2 and m,m'-22' for the
p,p'-2 P,p ' -22+a P,p,-22+b m,m'-2 m,m'-22+

































































































































































acisoid form. btransoid form. CT and S
respectively. dln the bs-singlet state, the
symmetry have the same magnitude but
densities are underlined.
 represent the triplet and bs-singlet states,
spin densities on two atoms related by C2
the opposite sign. The negative spin
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2.4 Conclusion
    The UB3LYP calculations showed that the change from neutral to dicationic state
induces the molecular structural change such as that the ethylenic bond lengths are
lengthened and the ethylenic torsinal angles increase and that the intramolecular
magnetic interaction ofp,p'-2 is different from that ofp,p'-22+, indicating that p,p'-1
can be a promising candidate for a redox-switching of intramolecular magnetic
interaction. It was also found that the electronic structures are different due to the
substitution patterns of nitroxyl groups, i.e., the n-conjugated system is more perturbed
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Chapter4
  Synthesis and Intramolecular Magnetic
Interaction of Triphenylamine Derivatives
      with Nitronyl Nitroxide Radicals
4.1 Introduction
    In the field of molecular devices and machines, much attention has been given to
the switchable spin system controlled by external stimuli [1]. In addition, redox
active molecular systems can be expected to play a fundamental role in the construction
of single molecular transistors [2-4]. For example, the switching of spin state [5, 6]
or spin distribution [7] has been accomplished by using multi-redox processes.
Moreover, the switching of intramolecular magnetic interaction by the photochromic
reaction has been realized [8]. Recently, arylamines have been widely employed as
hole transport materials [9]. In particular, triphenylamine derivatives are regarded as
basic compounds to generate aminium cation radicals easily by chemical and
electrochemical oxidations [10]. The triphenylamine derivatives substituted by
redox•-active groups have been synthesized so far in conjunction with high spin
chemistry and chromophore chemistry [11-14]. The triphenylamine derivatives
t89-
bearing nitronyl nitroxide radicals, 1 and 2, were designed. When the aminium
radical cation is generated by one electron oxidation of these molecules, the peripherally
substituted nitronyl nitroxide radicals can be expected to couple ferromagnetically to the
generated aminium cation radical (Scheme 1). In this chapter, the syntheses of
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    iH and i3C spectra were recorded on a JEOL JNM-AL400, JNM-EX400 or
JNM-AL300 spectrometer, and chemical shifts are given in parts per million tppm)
relative to internal tetramethylsilane (6 O.OO ppm). IR spectra were recorded using
                                 •- 90 -
KBr disks on a JASCO FTIIR-460Plus spectrometer. Elemental analyses were
performed by Center for Organic Elemental Microanalysis, Kyoto University.
Materials
    Toluene and n-but.yronitrile were distilled from CaH2 under an argon atmosphere,
tetrahydrofuran (THF) was distilled from potassium-benzophenone under an argon
atmosphere, ?V,N-dimethylformamide (DMF) was dried over molecular sieves 4A, and
benzonitrile was dried through alumina (ICN, Alumina N, Akt. I) column with bubbling
of argon, just before use. All the other purchased reagents and solvents were used
without further purification. Column chromatography was performed using silica gel
(Kanto Chemical Co., Inc., Silica gel 60N, spherical neutral).
    Tris(4-formylphenyl)amine (7). This compound was prepared by the modified
method ofliterature procedure [15]. To a solution ofimidazole (2.50 g, 36.0 mmol) in
acetonitrile (30 mL) was added dropwise trifluoroacetic anhydride (16.00 g, 75.4 mmol)
under an argon atmosphere. The mixture was refluxed for 1 h, and then cooled by
removal ofthe oil bath. Triphenylamine (2.50 g, 9.99 mmol) was added to the mixture,
and then the reaction mixture was refluxed for 20 h. After cooling to room temperature,
the reaction mixture was treated with ice to give a green precipitate, which was filtrated
and washed with water. The precipitate was dissolved in CH2C12, washed with
saturated aqueous NaHC03, and dried over MgS04, and the solvent was removed under
reduced pressure to afford a greenish yellow solid (9.77 g), which was used for the next
step without further purification.
    To a suspension of this crude product (9.77 g) in acetonitrile (200 mL) was added a
dilute hydrochloric acid (20 mL ofconc. hydrochloric acid and 1OO mL ofwater) under an
argon atmosphere. The mixture was refiuxed for 4 h, and extracted with Et20 after
cooling and neutralization with saturated aqueous Na2C03 at O OC. The organic layer
was dried over MgS04, and the solvent was removed under reduced pressure. The
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residue was chromatographed on silica gel (CH2C12:n-hexane :3:1 as eluent), and
washed with hot ethyl acetate and n-hexane to afford 7 (2.12g, 64 O/o) as a yellow solid:
IR(KBr) 2805, 2729, 1697 cm-';iH NMR (400 MHz, CDC13) 6 9.94 (s, 3H), 7.84 (d, J-
8.7 Hz, 6H), 7.25 (d, J- 8.7 Hz, 6H); i3C NMR (1OO MHz, CDCI3) 6 190.3, 151.1, 132.5,
131.4, 124.5. Anal. Calcd for C2iHisN03: C, 76.58; H, 4.59; N, 4.25; O, 14.57. Found: C,
76.30; H, 4.50; N, 4.14; O, 14.54.
    Tris{4-(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl)phenyl}amine (1).
A reaction flask equipped with a Soxhlet apparatus filled with molecular sieves 4A was
charged with 7 (O.65 g, 1.98 mg), 2,3-bis(hydroxyamino)-2,3-dimethylbutane (1.41 g,
9.51 mmol) and 2,3-bis(hydroxyamino)-2,3-dimethylbutane sulfate (O.47 g, 1.90 mmol)
in methanol (150 mL), and refluxed for 18 h under an argon atmosphere. The reaction
mixture was concentrated by evaporation, and the resulting precipitate was collected and
washed with cold methanol to afford a yellowish white solid (O.64g). The further
purification was not performed.
    To a solution ofthe product (O.64 g) in dichloromethane (36 mL) and methanol (3.6
mL) was added a solution of Nal04 (O.48 g, 2.24 mmol) in water (3.6 mL). The
mixture was stirred for 30 min in the open air. The organic layer was separated, dried
over MgS04 and the solvent was removed under reduced pressure. The residue was
chromatographed on silica gel (ethyl acetate:n-hexane == 4:1 as eluent), concentrated by
evacuation of solvent, and washed with the mixed solvent (CH2C12:n-hexane = 1:9) to
afford 1 (30.8 mg, 2 O/o) as a blue solid: ESR (toluene) 13 lines, g == 2.007, laNI == 2.5 G;
FAB HRMS (m-nitrobenzyl alcohol) mlz (relative intensity O/o) calcd for C3gHsoN706
[M+2H]" 712.3823, found 712.3820 (26.3); C3gHsiN706 [M+3H]' 713.3901, found
713.3881 (11.4).
    Ni7V-diphenyl-4-methoxyphenylamine(4). Thiscompoundwaspreparedbythe
modified method ofliterature procedure [16]. Amixture of4-Iodoanisole (7.65 g, 32.7
mmol), diphenylamine (5.53 g, 32.7 mmol), Cul (O.1 5 g, O.79 mmol) and KOt-Bu (1 1 .0 g,
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98.0 mmol) in toluene (120 mL) was refluxed under argon atmosphere for 1 day. After
cooling to room temperature, the solvent was evaporated. Water and CH2C12 was
added to the residue, and the organic layer was separated, dried over MgS04 and
evaporated. The residue was chromatographed on silica gel (ethyl
acetate:CH2C12:n-hexane == 1:9:30) to afford 4 (4.27 g, 47 O/o) as a yellow solid: iH NMR
(400 MHz, CDC13) 6 7.19 (dd, J== 8.5, 7.3 Hz, 4H), 7.06 (d, J - 9.0 Hz, 2H), 7.02 (dd, J-=
7.3, 1.2 Hz, 4H), 6.93 (tt,J = 7.3, 1.2 Hz, 2H), 6.83 (d, J = 9.0 Hz, 2H), 3.79 (s, 3H); '3C
NMR (100 MHz, CDC13) 6 156.0, 148.1, 140.7, 129.0, 127.2, 122.8, 121.8, 114.7, 55.5.
Anal. Calcd for CigHi7NO: C, 82.88; H, 6.22; N, 5.09; O, 5.81. Found: C, 82.82; H, 6.08;
N, 5.07; O, 5.66.
    N"V-Bis(4-formylphenyl)-4-methoxyphenylamine (8). This compound was
prepared by the similar method ofliterature procedure [15]. To a solution ofimidazole
(2.72 g, 40.0 mmol) in acetonitrile (80 mL) was added dropwise trifiuoroacetic anhydride
(16.80 g, 80.0 mmol) under an argon atmosphere. The mixture was refluxed for 30 min,
and then cooled by removal of the oil bath. 4 (4.27 g, 15.5 mmol) was added to the
mixture, and then the reaction mixture was refluxed for 1 d. After cooling to room
temperature, the reaction mixture was treated with ice to give a green precipitate, which
was filtrated and washed with water.
    The precipitate was suspended in acetonitrile (200mL) and a dilute hydrochloric
acid (36 mL ofconc. hydrochloric acid and 144 mL ofwater) under an argon atmosphere.
The mixture was refluxed for 4 h, and extracted with Et20 after cooling and neutralization
with saturated aqueous K2C03 at O OC. The organic layer was dried over MgS04, and
the solvent was removed under reduced pressure. The residue was chromatographed
on silica gel (ethyl acetate:n-hexane == 1 :4 as eluent) to afford 8 (2.89g, 56 O/o) as a yellow
solid: IR(KBr) 2835, 2739, 1686, 1040 cm-'; iH NMR (400 MHz, CDC13) 6 9.87 (s,
2H), 7.75 (d, J : 8.3 Hz, 4H), 7.16 (d, J= 8.3 Hz, 4H), 7.11 (d, J== 8.3 Hz, 2H), 6.94 (d, J
- 8.3 Hz, 2H), 3.84 (s, 3H); i3C NMR (100 MHz, CDC13) 6 190.3, 158.0, 152.0, 138.0,
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131.2, 130.8, 128.8, 122.0, l15.4, 55.6. AnaL Calcd for C2iHi7N03: C, 76.12; H, 5.17; N,
4.23; O, 14.49. Found: C, 75.98; H, 5.31; N, 4.26; O, 14.60.
    NiN-Bis[4-(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl)phenyll-4-metho
xyphenylamine (2). A reaction flask equipped with a Soxhlet apparatus fi11ed with
molecular sieves 4A was charged with 2,3-bis(hydroxyamino)-2,3-dimethylbutane
sulfate (1.30 g, 5.28 mmol) and K2C03 (2.42 g, 17.5 mmol) in methanol (150 mL). To
the mixture was added 8 (O.58 g, 1.75 mmol) under an argon atmosphere, and refluxed for
1 d. The reaction mixture was filtered, and the organic layer was separated after adding
CH2CI2 and water, dried ever MgS04, and the solvent was removed under reduced
pressure to afford a yellow solid (O.85g).
    To a solution ofthe product in dichloromethane (58 mL) and methanol (5.8 mL) was
added a solution ofNal04 (O.29 g, 1.35 mmol) in water (5.8 mL). The mixture was
stirred for 1 h in the open air. The organic layer was separated, dried over MgS04 and
the solvent was removed under reduced pressure. The residue was chromatographed
on silica gel (ethyl acetate:n-hexane =3:1 as eluent) to afford 2 (50 mg, 5 O/o) as a blue
solid: ESR (toluene) 9 lines, g = 2.007, laNl = 3.7 G.
Electrochemical Measurement
    The cyclic voltammetry measurements were carried out in benzonitrile solution
containing O.1 M tetrabutylammonium tetrafluoroborate as a supponing electrolyte (25
OC, scan rate 100 mVlsec) using an ALSIchi Electrochemical Analyzer Model 612A.
A three-electrode assembly was used, which was equipped with a platinum disk (2
mm2), a platinum wire, and Ag!O.Ol M AgN03 (acetonitrile) as the working, the counter,
and the reference electrode, respectively. The redox potentials were referenced
against ferrocenelferrocenium (FclFc') couple.
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ESR Measurement
    ESR spectra were recorded on a JEOL JES-SRE2X spectrometer, in which
temperature was controlled by a JEOL DVT2 variable-temperature unit, and a
Mn2'IMnO solid solution was used as a reference for the determination ofg values and
hyperfine coupling constants.
Magnetic Susceptibility Measurement
    Magnetic susceptibilities of the powder samples were measured by a Quantum
Design MPMS-5S system. '
 The raw data were corrected for both the magnetization
of sample holder alone and the diamagnetic contribution of the sample itself. The
estimation ofthe diamagnetic contribution was done by using Pascal's constants.
4.3 Results and Discussion
4.3.1. Synthesis
    To synthesize our target molecules 1 and 2 according to the Ullman's method [17],
trialdehyde 7 and dialdehyde 8 become key compounds. However, the usual
Vilsmeier-Haack formylation of triphenylamine produces 7 in very low yield in spite of
using the vigorous reaction conditions [18]. Therefore, we attempted to synthesize 7
and 8 by another method [15]. The synthetic routes of 1 and 2 were summarized in
Scheme 2. First of all, imidazole was reacted with trifluoroacetic anhydride to generate
the electrophilic N,N'-bis(trifluoroacetyl)imidazolium ion. The generated imidazolium
ion was treated with the corresponding triphenylarnines 3 and 4 to afford tris- and
bisadduct 5 and 6. These adducts were readily hydrolyzed to give 7 and 8 under the
acidic condition. The resuking aldehydes were condensed with 2,3-bis
(hydroxylamino)-2,3-dimethylbutane to give the corresponding hydroxylamine 9 and 10.
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Finally, 1 and 2 were obtained by the oxidation of hydroxylamine with sodium periodate.
Scheme 2.
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Reagents and conditions: (a) imidazole, trifluoroacetic anhydride, CH3CN;
(b) HCI,q, acetonitrile; (c) 2,3-bis(hydroxyamino)-2,3-dimethylbutane, 2,3-
bis(hydroxylamino)-2,3-dimethylbutane sulfate, CH30H; (d) 2,3-bis




    The electrochemical propenies for 1 and 2 were investigated by the cyclic
voltammetry in benzonitrile at 25 OC. The oxidation potentials versus
ferrocenelferrocenium are summarized together with their related compounds in Table 1,
and the cyclic voltammogram of2 is shown in Figure 1. Judging from the oxidation
potentials and the current ratio of the reference compounds, 2-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (11), triphenylamine (12) and
4-methoxytriphenylamine (13), the first oxidation process of 1 can be ascribed to the
simultaneous three-electron oxidation of the corresponding three nitronyl nitroxide
moieties, while the first and second oxidation processes of 2 to stepwise one-electron
oxidations of the two nitroxide moieties. On the other hand, the oxidation process for
the triphenylamine moiety of 1 was not observed in the range of potential window,
whereas the potential value +O.80 V of 2 was due to the oxidation of triphenylamine
     -O.4 -O.2 O, O.2 O.4
                                     +
                         E /V vs. FclFc
Figure 1. Cyclic voltammogram of 2 in
n-Bu4BF4 on a platinum electrode.
O.6 O.8 1
benzonitrile containing O.1 M
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moiety, This is probably because 1 has a considerable amount ofpositive charges after
oxidation ofthe three nitronyl nitroxide moieties and, hence, the triphenylamine moiety
becomes no longer oxidizable, as compared with 2. The oxidation potential for the
triphenylamine moiety of 2 increases by O.42 V compared with 13 owing to such a
charging effect of the oxidized nitronyl nitroxide moieties.













aO.1 M n-Bu4BF4 in PhCN, potential vs. FclFc', Pt electrode, 25 OC,
scan rate 100 mV s-i. bQuasi-three-electron transfer. CIrreversible
oxidation process represented by anodic peak potential.
4.3.3. Magnetic property
    Magnetic measurements of triradical 1 and diradical 2 were carried out on a SQUID
susceptometer from 300 to 2 K. The temperature dependences of the molar magnetic
susceptibilities (2f.) of the microcrystalline samples were measured at a constant field of
500 G. The plot ofz.Tversus Tfor 1 and 2 are shown in Figure 2.
    The zmTvalue of 1 at 300 K was close to the theoretical one of 1.125 emu K mol+i
for isolated three spins of 112. 0n lowering the temperature, the,r.Tvalue decreased
gradually and reached O.28 emu K mol-i at 2 K, indicating the antiferromagnetic
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. Temperature dependence of 2fmT of1 (O) and 2 (D) under a field of
The solid line represents the best theoretical fit to the data (see text).
    The magnetic interaction in a nonsymmetrical triangular three spin system
[13,14,19,20] can be described by the spin Hamiltonian (eq. 1), where 1ij is the exchange
coupling constant between Si and Sj. In this case, the 2f.Tis expressed by eq. 2 as a
function ofAi and A2 defined by eqs. 3 and 4, which are the energy differences between
the two spin doublet states and the one between the spin doublet state and the spin quartet
state, wherefis the purity factor for the sample, NA the Avogadro number, g the g-factor,
kB the Boltzmann constant, #B the Bohr magneton, and 0the Weiss constant. }Ierein,
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we assumed the same g value for the three multiplets and, furthermore, the value was
fixed g = 2 in the fitting procedure for simplicity.
,Z.T
H= -2(Jl2SIS2 + J23SizS3 + J3IS3Sl)
     N,g2pk 1+ exp(-A,1k,T) + 10 exp(-A,!k. T)
=f TT-e
(1)
        4k, 1+exp(-A,lk,T)+2exp(-A,lk,T)
Al = 2(Jl 22 + J232 + uJ31 12 - Jl 2-12[ 3 - J23J31 1 - 13IJ12)l/2
(2)
(3)
A2 == Al12 - (J12 + J23 + Jr31) (4)
    Since the crystal structure of1 is not unlmown to date, we carried out the
least-squares fitting procedure by assuming the equilateral triangle for three spins, where
tJ == Ji2 =" ul23 == -I3i and Ai = O gives eq 5. The best fit to the data wasf== O.998Å}O.OOI,
J!kB == -3.93Å}O.06 K and e= -O.62Å}O.05 K, roughly indicating the quartet state was
above the doubly degenerate doublet states by ca. 3JfkB == 12 K. It was revealed that the
intramolecular antiferromagnetic interaction of 1 was much smaller than that of
tris[4-(N-oxy-N-tert-butylamino)phenyl]amine in the case of assuming the equilateral
triangle model (JlkB - -135Å}3 K) [13, 14].
                         N,g2ptg1+5exp(3.J1k.T) T
                  ZmT=f                                                         (5)
                           4k, 1+exp(3Jlk,T) T-0
    The x.Tvalue of2 at 300 K was relatively smaller than the theoretical one ofO.75
emu K mol-i for isolated two spins of 112. Considering the zmTvalue ofO.64 emu K
mol-i in the wide temperature range, it seems to be not due to the antiferromagnetic
interaction but to the experimental errors on weighing a sample or to the purity of a
sample. As the temperature was lowered, the Jif.T value decreased gradually and
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reached O.18 emu K mol-i at 2 K, indicating the antiferromagnetic interaction between
radical spins. The observed data was analyzed by the modified Bleaney-Bowers
equation for singlet-triplet model [21] (eq. 6) to give the best fit parameters: f=
O.8665Å}O.OO06, JlkB = -1.85Å}O.03 K and e= -1.21Å}O.04 K.
                        2N,g2pti 1 T
                                                                     (6)
                 X.T-f
                            k. 3+ exp(-2Jlk,T) T-e
4.3.4. ESR spectroscopy
    The ESR spectrum in toluene at room temperature showed a 13-line pattern centered
at g = 2.007 with a hyperfine coupling constant laNI = 2.5 G due to six equivalent nitrogen
atoms for 1, and a 9-line pattern (g = 2.007, laNI = 3.7 G) due to four equivalent nitrogen
atoms for2. For instance, the solution ESR spectrum of1 is shown in Figure 3. The
hyperfine coupling constants of 1 and 2 were estimated to one third and a half of the
hyperfine coupling constant (laNl = 7.4 G) of monoradical 11, respectively. This
indicates that the exchange interactions between radical spins in triradical 1 and diradical
2 are larger than the hyperfine interaction.
    After treated with tris(4-bromophenyl)aminium hexachloroantimonate as an
oxidizing agent, 1 and 2 in frozen n-butyronitrile at 123 K did not .show the
fine-structured spectra attributed to spin-quintet or quartet species. Instead of the
fine-structured spectra, the observed spectra were similar to that of mono nitronyl
nitroxide 11, as shown in Figure 4. This is consistent with the electrochemical result







Figure 3. ESR spectrum of 1 in toluene (5 Å~ 10-5 M) at room temperature
(a) and its simulation (b) (laNI == 2.5 q ALIpp == O.86 G). The asterisks in the




Figure 4. ESR spectra of (a)
hexachloroantimonate and (b)
solution at 123 K
2 oxidized with tris(4-bromophenyl)aminium
 monoradical 11 in frozen n-butyronitrile
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4.4 Cenclusion
    The syntheses of triradical 1 and diradical 2 having the triphenylamine skeleton
were succeeded, and it is found that their neutral radicals in the solid states showed weak
antiferromagnetic interactions between radical spins. However, the electrochemical
and ESR measurements showed the nitronyl nitroxide moieties had the lower oxidation
potentials than the core triphenylamine moieties even in the case of electron-donating
methoxy-group-substitution (2). Therefore, in order to generate triphenylaminium
cation radical and, furthermore, enhance the intramolecular ferromagnetic interaction, it
is necessary to introduce more electron-donating substituent, e.g., N,N-dimethylamino
group,tolowertheoxidationpotential. Actually,4-N,N•-dimethylaminotriphenylamine
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Chapter 5
Spin Alignment Mediated by Mixed-Valence State:
      Triradical Cation ofp--Phenylenediamine
            Having Two Nitroxide Radicals
5.1 Introduction
    The control of spin preference in multi-spin molecular systems is of great
importance when applied to molecular electronics devices aiming at novel high-density
information storage. For instance, several single molecular magnets have been
prepared [1] and are about to be applied to quantum computation [2]. To accomplish
the above attempt using organic molecules, it should be established that a lot of stable
organic radical centers are assembled to have desirable intramolecular magnetic
interaction. In the past few decades, significant progress has been made in rational
design and synthesis of high-spin organic molecules containing several stable radical
centers [3]. In many cases, the stable radical centers are Iinked by the so-called
ferromagnetic coupling units like 1,3-benzenediyl to generate the (quasi-)degenerate
singly-occupied nonbonding molecular orbitals (NBMOs) according to the Hund's rule
[4].
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    On the other hand, the control of charge distribution in the above-mentioned
multi-spin organic molecular systems is also regarded as an important issue in
conjunction with potential application to spin electronics devices. When a few
electrons are added to or removed from the multi-spin organic system, important
problems of the relationship between the spin preference and the extra charge
distribution emerge from alterations to occupancy number of the NBMOs: whether the
high-spin preference among the surviving unpaired electrons remains unchanged or not;
whether the extra electrons (or "holes") are localized or delocalized [4c]. With these
questions in mind, several polyradical anions [5] and cations [6] have exhibited
intriguing aspects ofthe charge distribution and its influence on the spin preference.
   Organic mixed-valence compounds are the simple models for understanding of the
intramolecular electron transfer process or for examining to what degree the extra
charge is delocalized over a molecule, and nowadays a Iot of examples have been
reported [7,8,9]. However, the mixed-valence state has never been used to mediate
an intramolecular magnetic interaction, in particular, ferrOmagnetic one. As have
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Scheme 1. Spin alignment mediated by mixed-valence state in 1'.
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been described in our previous theoretical study [10], the ferromagnetic coupling
between the localized multi-spin system and the delocalized electron spin is closely
related to the realization of spin-polarized molecular wire. In this chapter, we
describe on the first observation of spin alignment mediated by mixed-valence state in
multi-spin organic system. We selectedpara-phenylenediamine (PDA) derivative 1
carrying two persistent nitroxide groups (Scheme 1) since radical cations of PDA
molecules are widely accepted as important organic mixed-valence systems [7,9].
5.2 Experimental Section
General Methods
    iH and i3C spectra were recorded on a JEOL JNM-AL400, a JNM-EX400 or a
JNM-AL300 spectrometer, and chemical shifts are given in parts per million (ppm)
relative to internal tetramethylsilane (6 O.OO ppm). Elemental analyses were
performed by Center for Organic Elemental Microanalysis, Kyoto University.
Materials
    Toluene and n-butyronitrile were distilled from CaH2 under an argon atmosphere,
tetrahydrofuran (THF) was distilled from sodium-benzophenone or
potassium-benzophenone under an argon atmosphere, N,N-dimethylformamide (DMF)
was dried over molecular sieves 4A, and benzonitrile was dried through alumina (ICN,
Alumina N, Akt. I) column with bubbling of argon, just before use. All the other
purchased reagents and solvents were used without further purification. Column
chromatography was performed using silica gel (Kanto Chemical Co., Inc., Silica gel
60N, spherical neutral) or alumina oxide (Kanto Chemical Co., Inc., Aluminum Oxide,
Activated for column chromatography).
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    ?V-(3-Bromo-5-tert-butylphenyl)--N-(tert-butyldimethylsiloxy)-N--tert-butylamine
(3) were synthesized by the modified method ofliterature [1 1].
    NgV'-Bis[3-tert-butyl-5-(LN-(tert-butyldimethylsiloxy)-N-tert-butylamino)phenyl
]-NiN'-dimethyl-p-phenylenediamine (4). A mixture of 2 (1.50 g, 11.0 mmol), 3
(10.0g, 24.1 mmol), NaOt-Bu (2.50 g, 25.5 mmol), Pd(OAc)2 (150 mg, O.65 mnol) and
2-(Di-tert-butylphosphino)biphenyl (150 mg, O.50 mmol) in toluene was refluxed for 1
day. The resulting mixture was concentrated by evaporation under reduced pressure.
The residue was diluted with Et20 and water, and the organic layer was separated and
dried over MgS04. After evaporation of the solvent, the crude product was
chromatographed on silica gel (CH2C12:n-hexane = 1:4 as eluent) to afford 4 (4.80 g,
54 O/o) as a white solid: 'H NMR (400MHz, C6D6) 6 6.96-6.99 (m, 8H), 6.91 (br-s, 2H),
3.07 (s, 6H), 1.30 (s, 18H), 1.21 (s, 18H), 1.03 (s, 18H), O.93 (br-s, 12H); '3C NMR
(100 MHz, C6D6) 6 151.9, 151.0, 148.8, 144.3, 122.7, 115.6, 114.5, 113.6, 61.0, 40.6,
35.0, 31.6, 26.6, 26.5, 18.4, -4.2. Anal. Calcd. for C4sHs2N402Si2: C, 71.76; H, 10.29; N,
6.97. Found: C, 71.58; H, 10.44; N, 6.81.
    NVV'-Bis[3-tert-butyl-5-(N-tert-butyl-N-hydroxyamino)phenyll-NiN'-dimethyl-
p-phenylenediamine (5). To an ice-cooled solution of 4 (564 mg, O.70 mmol) in 5
ml of THF was added slowly 7 ml (7 mmol) of 1.0 M solution of tetrabutylammonium
fluoride in THF. Stirring was continued for 45 min at O OC and for 2 h at room
temperature. After addition of water and Et20, the organic layer was separated and
the aqueous layer was extracted with Et20. The organic layers were combined and
dried over MgS04. By evaporation under reduced pressure, slightly reddish brown
solid was obtained and washed with n-hexane containing a small amount of Et20 to
give 5 (355.4 mg, 88 O/o) as a white solid: iH NMR (400MHz, acetone-d6) 6 7.36 (br-s,
2H), 6.96 (s, 4H), 6.84 (t, J= 1.9 Hz, 2H), 6.79 (t, 1= 1.9 Hz, 2H), 6.73 (t, J= 1.9 Hz,
2H), 3.27 (s, 6H), 1.26 (s, 18H), 1.11 (s, 18H); i3C NMR (100 MHz, aeetone-d6) 6 151.8,
151.0, 149.2, 144.4, 122.6, 115.4, 114.0, 113.3, 60.3, 40.8, 35.2, 31.6, 26.6.
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    NVV'-Bis[3-tert-butyl-5-(N-tert-butyl-N-oxylamino)phenyl]-NVV'-dimethyl-p-p
henylenediamine (1). To a solution of5 (76 mg, O.13 mmol) in CH2C12 (10 mL) was
added an excess Ag20 (308 mg, 1.3 mmol), and the mixture was stirred for 2 h. After
fiItration through celite, the solvent was evaporated under reduced pressure. The
residue was chromatographed on silica gel (Et20:CH2C12:n-hexane = 1:4:5 as eluent) to
afford 1 (63 mg, 83 O/o) as a red solid: ESR (toluene at room temperature) g= 2.006, laNi
= 6.3 G; FAB HRMS (m-nitrobenzyl alcohol) mlz (relative intensity O/o) calcd for
C36Hs2N402 [M]' 572.4090, found 572.4085 (7.4); C36Hs3N402 [M+H]" 573.4169,
found 573.4162 (6.2); C36Hs4N402 IM+2H]' 574.4247, found 574.4208 (7.4); Anal.
Calcd. for C36Hs2N402: C, 75.48; H, 9.15; N, 9.78; O, 5.59. Found: C, 75.36; H, 9.10; N,
9.60; O, 5.58.
Eleetrochemical Measurement
    The cyclic voltammetry (CV) measurements were carried out in benzonitrile
solution containing O.1 M tetrabutylammonium tetrafluoroborate (TBABF4) as a
supporting electrolyte (25 OC, scan rate 100 mVlsec) using an ALSIchi Electrochemical
Analyzer Model 612A. A three-electrode assembly was used, which was equipped
with a platinum disk (2 mm2), a platinum wire, and AglO.Ol M AgN03 (acetonitrile) as
the working, the counter, and the reference electrode, respectively. The redox
potentials were referenced against ferrocenelferrocenium (FclFc') couple.
UV/Vis/NIR Speetrum Measurement
    UVNisfNIR spectra were obtained with a Perkin Elmer Lambda 19 spectrometer.
Spectroelectrochemical measurements were canied out with self-constructed optically
transparent thin-layer electrochemical (OTTLE) cell (light pass length = lmm)
equipped with a platinum mesh, a platinum coil, and a silver wire as the working, the
counter, and the pseudo-reference electrode, respectively. The potential was applied
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with an ALSIchi Electrochemical Analyzer Model 612A.
ESR Measurement
    ESR spectra were recorded on a JEOL JES-SRE2X or a JEOL JES-TE200 X-band
spectrometer, in which temperature was controlled by a JEOL DVT2
variable-temperature unit or an Oxford ITC503 temperature controller combined with
an ESR 910 continuous flow cryostat, respectively. A Mn2"IMnO solid solution was
used as a reference for the determination ofg values and hyperfine coupling constants.
Pulsed ESR measurements were canied out on a Bruker ELEXES E580 X-band FT
ESR spectrometer.
Magnetic Susceptibility Measurement
    Magnetic susceptibilities of the powder samples were measured by a Quantum
Design MPMS-5S system. The raw data were corrected for both the magnetization
of sample holder alone and the diamagnetic contribution of the sample itself. The
estimation ofthe diamagnetic contribution was done by using Pascal's constants.
5.3 Results and Discussion
5.3.1 Synthesis
    As shown in Scheme 2, the bisnitroxide 1 was prepared in three steps. The
coupling reaction of N,N'-dimethyl-p-phenylenediamine 2 with the protected
hydroxylamine 3 in the presence of palladium catalyst affords the precursor 4. After
desilylation of 4 with tetrabutylammonium fiuoride, the desired bisnitroxide 1 was
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    A prerequisite for generating triradical cation of 1 is that the central PDA moiety
has lower oxidation potential than those of the two nitroxide groups. The oxidation
potentials of 1 were evaluated by cyclic voltammetry in benzonitrile solution at 298 K.
The observed voltammogram showed three oxidation waves (Figure lb). The first
oxidation process was found to be reversible by lowering the tum-round potential
(Figure la). From the comparison of the oxidation potentials for N VLdimethyl-
N,N'-diphenyl-p-phenylenediarnine (6) with that for the tert-butylphenyl nitroxide (7),
the first reversible oxidation wave of 1 can be ascribed to the removal of one-electron
from the central PDA moiety (Table 1). The remaining two oxidation peaks probably
correspond to the oxidation process ofthe nitroxide groups andlor the oxidation process
from semi-quinone to quinone ofthe central PDA moiety. It is interesting to note that
the difference of the first and second oxidation potentials of PDA derivatives (AE) is
closely related to the twist angle between the amino group and 1,4-phenylenediyl,
which determines the electronic coupling in intramolecular electron transfer [12].
Although the rigorous value of AE for 1 is not obtained owing to the overlap of the
second and third oxidation processes, the AE can be roughly estimated to be O.52-O.55
V, similar to the value of O.5 V for 6. This suggests that the substituting nitroxide

















aO.1 M n-Bu4NBF4 in PhCN, potential versus FclFc
mvsTi. CAnodicpeakpotential.
+,Pt electrode, 298 K, scan rate 1OO
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Figure 1. Cyclic voltammograms of 1 in case
high turning potential in benzonitrile containing
rate 1OO mVls.
of (a) low tuming potential





   In order to confirm the presence ofthe mixed-valence state in triradical cation of 1,
it is the best way to observe the characteristic intervalence charge transfer (IV-CT)
absorption band [13]. Therefore, we have measured the UVIVislNIR spectral change
during the course of the oxidation of 1 by using an optically transparent thin-layer
electrochemical cell. For a reference, the IV-CT band ofDMDP-PDA was examined
in CH2C12 at room temperature. The IV-CT band grew at 625 nm upon oxidation to
the monoradical cation, and further oxidation to the dication resulted in disappearance
of this band and increase in the new band at 558 nm. On the other hand, the increase
of the band at 693 nm was observed upon oxidation to 1" as shown in Figure 2. This















       250 500 750 1000 1250
                               Wavelength 1 nm
Figure 2. UVIVislNIR specrtroelectrogram during sequential oxidation from 1 to
1' in CH2C12 containing O.1 M n-Bu4NBF4.
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CH2Cl2 containing O.1 M
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oxidation beyond 1' in
absorption spectrum of further oxidation beyond 1" showed a disappearance of the
IV-CT band and a slight increase in the new band at 534 nm (Figure 3). These
spectral changes indicate that the intramolecular electron spin transfer takes place
between two amino groups in the central PDA moiety after one-electron oxidation of 1.
Note that the same spectral changes were also seen by the chemical oxidation with
SbCls in CH2C12.
    The observed IV-CT band showed an overlap with the adjacent bands. Hence
we performed the deconvolution of the IV-CT band by using three Gaussian functions
(one function for the IV-CT band and two for the adjacent overlapping band) as shown
in Figure 4 [14]. Although the Gaussian curve does not fu well to the low-energy
side of the IV-CT band, this asymmetry can be explained by the energy cut-off
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originating from the smallest energy gap (= 2V
coupling energy) between the ground and excited
estimated 3580 cm-i by using equation (1) [9a].
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Figure 4. IV-CT band of 1 oxidized with SbCls in








    Here, vmax is the transition energy and, in this case, its value of 1.56Å~104 cm-i is
the same as that the Marcus reorganization energy (1), and e is the elementary charge.
For the distance r between the two redox centers, we used the N-N distance (5.589 A)
from the B3LYPI6-31G" optimization of the model compound of 1', and the transition
moment from the ground state to the excited state (,Lfeg) was evaluated from equation (2).
The integration of the IV-CT band was carried out by using the Gaussian fit function.
The thermal electron transfer rate constant (kth) was evaluated from the following
equation [9a].
kth = vnexp(-AG"IR7-) (3)
where the thermal electron transfer barrier AG* is represented by JL14 - V + V21Z.
Moreover, the nuclear frequency factor(vn) was assumed to be 9Å~10i2 s-i according to
Ref. 9a. As a result, the kth value was calculated to be 3.6Å~10iO s"i at 298 K.
Judging from this analysis, the triradical cation of 1 is found to be classified into Class
II intervalence compounds.
5.3.4 Magnetic Preperty
    The temperature dependence of the magnetic susceptibility (xM) measured at a
constant field of500 G from 300 to 2 K by a SQUID magnetometer. The plot ofzMT
versus Tfor 1 is shown in Figure 5. The zMTvalue of1 was close to the theoretical
one ofO.75 emu K mol-i for isolated two spins ofS = 112 in the wide temperature range.
Below 50 K, the zMTvalue decreased gradually and reached O.47 emu K mori at 2 K.
The observed data was analyzed by the modified Bleaney-Bowers equation for
singlet-triplet model [15] (eq. 4) to give the best fu parameters:f= O.996Å}O.OOI, JlkB ==
O.6Å}O.2 K and 0 : -1.8Å}O.2 K. This analysis exhibited a very weak ferromagnetic
interaction between the two nitroxide groups in 1 (LIIkB = O.6 K), indicating that the two
nitroxide groups are virtually magnetically uncoupled.
zr.T =f 2N,g2
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Figure 5. Temperature dependence of ,2rMT of 1 under a field






    Before turning to the magnetic property of the triradical cation of 1, we examined
the magnetic interaction between the two nitroxide groups of 1 in the neutral state by
ESR measurement. The observed EPR spectrum of 1 in frozen n-butyronitrile
solution consisted of a single signal with unresolved hyperfine- andlor fine-structure at
123 K (Figure 6). In addition, the forbidden zVt4s = Å}2 resonance was also observed,
suggesting the presence ofthe triplet species (Figure 6 (inset)).
3082 3132 3182 3232 3282 3332 3382
                              Field1G
Figure 6. ESR spectrum of 1 in frozen n-butyronitrile solution at 123 K and the
forbidden AA4s == Å}2 resonance at 123 K (inset).
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    Finally, the spin preference of triradical cation of 1 is addressed. In the EPR
spectrum of the oxidized species of 1 treated with up to 1 molar equivalent of
tris(4-bromophenylphenyl)aminium hexachloroantimonate at 195 K, no definite
fine-structured spectrum characteristic of the spin quartet state was observed at 123 K,
although broad shoulders were seen beside the intense central line (Figure 7).
However, the half-field resonance corresponding tÅqVLfs = Å}2 transition was detected, and
furthermore, the temperature dependence of this forbidden signal obeyed the Curie law






Figure 7. ESR spectrum of 1' oxidized with
hexachloroantimonate in frozen n-butyronitrile
forbidden AMs = Å}2 resonance at 123 K (inset).
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tris(4-bromophenyl)aminium
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Figure 8. Temperature dependence of the signal intensity for the forbidden
ZVt4s = Å}2 resonance of 1' oxidized with tris(4•-bromophenyl)aminium
hexachloroantimonate in frozen n-butyronitrile solution.
- 123 -
    In order to identify unequivocally spin multiplicity of the main species of the
oxidized species of 1 at low temperature, we measured the electron spin transient
nutation (ESTN) spectrum based on the pulsed EPR method (Figure 9) [16]. Judging
from the ratio [16] between the nutation frequency in question and that for I S, Ms År == 1
112, +112 År e i 112, -112 År transition (23 MHz), the main nutation signals observed at
39 and 45 MHz were found to be assignable to l S, Ms År == 1 312, Å}312 År e l 312, Å}112 År
and I 312, 112 År e l312, -1!2 År transitions, respectively. The weak nutation signal at














                        Nutation Frequency 1 MHz
Figure 9. ESTN spectrum of 1' oxidized with tris(4-bromophenyl)aminium
hexachloroantimonate in frozen n-butyronitrile solution at 5 K.
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5.4 Conclusion
    In summary, it was demonstrated the first example of parallel spin alignment
mediated by the mixed-valence state for multi-spin organic molecule. The present
triradical cation is also considered to be novel in that the localized spin and the
delocalized spin coexist in. Currently, the extension of the present molecule to the
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                      Chapter 6
                Theoretical Study
       on Radical Substituent's Effect
ofp-Phenylenediamine-Based Spin System
6.1 Introduction
    Recently, many organic mixed-valence compounds have been reported, and the
intramolecular electron transfer have been examined [1], in which an extra electron
hops between the redox sites, that is, the extra electron is somewhat (or completely)
delocalized over the redox sites. When the localized spin is added to the
mixed-valence system, the double-exchange interaction is expected to work between the
localized and delocalized spins, leading to a parallel spin alignment [2]. The stable
organic radicals such as nitroxide and nitronyl nitroxide radical are well known as the
localized spin source in organic compounds. Therefore, the organic multi-spin
systems, including both of the localized and delocalized spins, can be constructed by
combining the stable radicals with the organic mixed-valence systems. In Chapter 5,
the spin alignment mediated by mixed-valence state in N,Al'-bis[3-tert-butyl-5-(N-tert-
buty1-N-oxylamino)phenyl]-N,N'-dimethyl-p-phenylenediamine was discussed from the
- 129 -
experimental results. In this chapter, the author theoretically examines the electronic
structures of the neutral and cationic forms for the simplified model shown in Figure 1
to clarify the effect of peripherally substituted radical groups, i.e., nitroxide and nitronyl
nitroxide radicals.
3
Figure 1. Calculated model compounds studied in this chapter.
6.2 Computational Details
For the neutral and cationic states of 1 and 2, the hybrid HF/DF (UB3LYP [3])
calculations were performed by using 6-31 G* basis sets for C, Nand 0, and 6-31 G
- 130-
basis sets for H. Full geometry optimizations were carried out under the Ci
symmetrical constraint. For the calculation of the open-shell singlet state, the
broken-symmetry wavefunction was employed. All of the computations were carried
out with Gaussian 98 program package [4].
6.3 Results and Discussion
First of all, the geometry optimization on the singlet and triplet states of 1 and 2,
and the doublet and quartet states of 1+ and 2+ were performed at the UB3LYP/6-3l G*
level. The calculated total energies and the <81> values for the corresponding
high-spin and low-spin states of 1, 1+, 2 and 2+ are summarized in Table 1, and the
calculated structural parameters are listed in Tables 2 and 3. Here, the atomic
numberings and the torsional angles (qJ!, qJ2, qJ3) are defined as Figure 2, and the
quinoidal parameter q (%) was evaluated using eq. (1) (ref. [5]):
(1)
where d! and d2 are the optimized bond lengths in the central benzene ring depicted in
Figure 3, and d!' and d2' are taken from the bond lengths of 3+ optimized at the
UB3LYP/6-31 G* level (d!' = 1.428 A and d2' = 1.372 A).
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Figure 2. Atomic numberings and dihedral angles of (a) 1 and (b) 2.





Figure 3. Thedefinition of d i and d2 in the central benzene ring.
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6.3.1 Optimized Geometry
    In the neutral states of 1 and 2, the singlet-triplet energy gaps were estimated to be
nearly zero, indicating that the singlet and triplet states are virtually degenerated in the
neutral state (Table 1). Indeed, the optimized geometries for the singlet states of1
and 2 are almost the same as those for the corresponding triplet states (Tables 2, 3).
    On the other hand, the quartet states of 1" and 2" were predicted to be more stable
by O.8 and 2.3 kcal mol-i than the corresponding doublet states, respectively (Table 1).
In contrast to the neutral states, the central benzene rings are found to be quinoidally
defomied in the cationic 1' and 2'. Moreover, it should be noted that such a
                     'quinoidal deformation accompanies a decrease of qi and an increase of q2.
Consequently, the optimized structure of the p-phenylene moiety in 1' and 2' is very
similar to that of 3' in the doublet state. It is noteworthy that only 2" in the quartet
state shows the extremely small g value (84.8 e/o) in comparison with those ofthe other
cationic species (År97 O/o). Moreover, the torsional angle opi (q2) of the quartet 2' is
                                                                    'larger (smaller) than those in the other cationic state. Since the increasing of the
torsional angle gDi weakens the T-conjugation between the T-orbital of the central
p-phenylene moiety and the p-orbitals of the neighboring amino nitrogen atoms, it is
expected that the electron transfer between two amino redox sites on the
p-phenylenediamine moiety is suppressed in the quartet 2' [6]. This results in the




1. Total Energies (E) and ÅqS2År valuesa for the High-Spin
States and Relative Energies (AE)d of 1, 1", 2 and 2'
(HS)b and Low-Spin

























aÅq,S2År values for the pure singlet, doublet, triplet and quartet states are O, O.75, 2 and
3.75, respectively. bThe triplet states for 1 and 2, and the quartet states for 1' and 2'.
CThe singlet states for 1 and 2, and the doublet states for 1' and 2'. dAE = ELs - EHs.
e-o.s cal mori. f-2.2 cal mol-i.
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Table 2. 0ptimized Bond lengths (A) and Structural Parameters, qi (O), q2 (O), Åë3 (O)
and g (O/o) for 1 and 1"
1 1'


































































































Table 3. 0ptimized Bond lengths (A) and Structural Parameters, qi (O), q2 (O), q3 (O)
and q (O/o) for 2 and 2"
2 2'

























































































    The quartet states of 1" and 2" have three singly-occupied niolecular orbitals
(SOMOs), depicted in Figure 4, where the almost degenerate two SOMOs (55ag and
54au for 1'; 65ag and 64a. for 2') composed of the z-orbitals on the substituting radical
moieties are nearly degenerate with the SOMO (54ag for 1'; 64ag for 2') composed of
the n-orbital on the p-phenylenediamine moiety. Apparently, 1' and 2" are regarded
as non-disl'oint systems [7], where the same atomic orbitals are shared among the
SOMOs. Since the high-spin state is relatively stabilized owing to the exchange
interaction in the non-disl'oint system, the quartet states are expected to be lower in
energy than the doublet states in 1' and 2'. The relatively delocalized 54ag SOMOs
for 1+ (the 64ag for 2") is very similar to that of 3'. In particular, the 64ag SOMO
spreads over the nitroxyl oxygen atoms, resulting in the decrease ofelectron density on
the central p-phenylene ring. As mentioned in 6.3.1, the quartet 2' has the larger
torsional angle Åëi along the Ni-Ci bond and the smaller torsional angle q2 along the
Ni-Cs bond than the quartet 1'. This situation causes the decrease of the orbital
interaction between the amino redox sites due to the large qi, while the p-orbital of the
amino nitrogen interacts more with the x-orbital ofthe peripheral benzene ring. As a
result, the electron density on the central p-phenylenediamine moiety flows into the
benzene rings surrounding the central p-phenyienediamine moiety, leading to the more
delocalized SOMO. Hence, the delocalized 64ag SOMO strengthens the non-disl'oint
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Figure 4. Schematic drawing ofthe SOMOs for the quartet state of (a)
(b) 2' and their relative energy levels.
1' and
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6.3.3 Natural Orbital Analysis
    In order to explore a little further into electron correlations in high-spin molecules,
the post-Hartree-Fock calculations are needed, and the complete active space
self-consistent field (CASSCF) calculation including all n-orbitals is one of the most
reliable methods. However, for the large molecules like 1' and 2", it is prohibitively
time-consuming to carry out the CASSCF calculations. On the other hand, the
natural orbital (NO) analyses for the UHF and UDFT solutions have been often used as
an alternative method for the CASSCF calculations, where the orbital overlap (Ti) is
related with the occupation numbers of the bonding and antibonding natural orbitals by
equation (2).
ni =1+ Ti, ni' =1- Ti (2)
Herein, Ti = 1.0 for the closed-shell pair, that is, the ni and ni" are 2.0 and O.O,
respectively.
    Table 4 summarizes the occupation numbers of the NOs calculated at the
geometries of the quartet 1" and 2'. Judging from the occupation numbers of 1.0 for
three SOMOs (SO+O and SOÅ}1), both of the quartet states of 1+ and 2' show the
negligible orbital overlaps between the magnetic orbitals. On the other hand, the
occupation numbers of (HO-1), (HO-2), (LU+1), and (LU+2)MOs in 2+ considerably
deviates from 2.0 and O.O for the pure closed-shell pair. This indicates that these
orbitals significantly contribute to the spin polarization effect in 2'.
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Table 4. Occupation Numbersa of the Natural Orbitals of 1 + and 2'
1+ 2'















































aCalculated at the geometry ofthe quartet state.
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6.3.4 Spin Density Distribution
    It is well-known that the reasonable spin densities are usually obtained by the DFT
method. The B3LYP spin densities are listed in Table 5. For both 1 and 2 in the
singlet states, the sign of spin density on one atom after the other changes alternately
except for the amino nitrogen atoms. On the other hand, for both 1' and 2' in the
quartet states, the alternation of the sign appear only on the peripheral aryl moieties,
whereas the positive spin densities appear on all the atoms in the central
p-phenylenediamine moiety, indicating the double-exchange interaction works in the
systems of 1" and 2". Compared with the spin density on the central
p-phenylenediamine moiety (Ni, Ci, C2, and C3) of3', the spin densities of 1' are very
similar to those of3', whiIe the spin densities of 2' are smaller than those of3'. This
is consistent with the fact that the SOMO on the central p-phenylenediamine moiety
delocalizes over the peripheral aryl moieties in 2' as described in 6.3.2. Moreover,
the spin density on the nitroxyl moiety (N2-Oi) in 1' decreases from O.870 to O.857 as
compared with the corresponding spin density in 1, whiie the spin density on the
nitronyl nitroxide moiety (Oi-N2-Cii-N3-02) increases from 1.038 to 1.080 on going
from 2 to 2'. In addition to these changes, the total spin density on the peripheral
benzene ring (Cs, C6, C7, Cs, Cg, and Cio) increases from O.152 to O.214 (-O.033 to
O.037) on going from 1(2) to 1'(2'). As a whele, the spin density on the nitroxyl
moiety in 1' delocalizes over the peripheral benzene ring, whereas the spin density on
the central p-phenylenediamine moiety in 2' over the peripheral nitronyl nitroxide
moiehes.
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Table 5. Spin Densities for the Ground States of 1, 1', 2, 2', and 3'
































































































aS, D, T, and Q represent the singlet, doublet, triplet, and quartet
bln the singlet state, the spin densities on two atoms related by Ci





  The UB3LYP calculations predicted that the cationic states of 1 and 2 have the
quartet ground states, i.e., the intrarnolecular ferromagnetic interaction, while the singlet
and triplet states is nearly degenerated in the neutral state. Moreover, it was found
that the ferromagnetic interaction can be explained by the non-disl'oint nature of the
SOMOs. In 2', the substitution of the nitronyl nitroxide radical resulted in the more
delocalized SOMOs than 1", indicating a strong intramolecular ferromagnetic
interaction for 2'. However, the large torsional angle along the Ni-Ci bond in 2'
causes a weak overlap between the p-orbitals of the amino redox sites. Therefore, it
is expected that the electron hopping between the amino redox sites is suppressed in the
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General Conclusion
    In this thesis, the author has studied the properties of organic multi-spin systems by
both experimental and theoretical approaches. The new findings in this thesis are
summarized as follows.
    In Chapter 1, the author studied the redox-switching of tetraarylethylene having
two tert-butylnitroxide, 1,2-bis[4-(N-tert-butylaminoxyl)phenyl]-1,2-bis[4-{N,N-bis(4-
methoxyphenyl)amino}phenyl]ethylene, which was successfu11y synthesized through the
McMurry coupling reaction with a low-valent titanium reagent where the separation of
cis- and trans-isomers has been met with failure so far. The magnetic susceptibility
measurement revealed that this neutral diradical in the solid state showed
antiferromagnetic interaction between radical spins. It was found that the cyclic
voltammogram of the diradical showed two resolved one-electron transfer redox waves
ascribed to the core tetraphenylethylene moiety and the successive quasi-two-electron
transfer corresponding to the two substituted nitroxide moieties. Moreover, it was
confirmed by the ESR measurement in frozen solution that the neutral diradical showed
the fine-structured spectrum characteristic of the spin triplet species, whereas that the
diradical treated with the oxidizing agent the typical anisotropic hyperfine-structured
spectrum for the mononitroxide radical, indicating that the intramolecular magnetic
interaction changes dramatically. The reversibility was clearly shown from the fact
that the ESR spectrum for the neutral diradical was recovered with a chemical reduction,
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and the absorption spectrum was spectroelectrochemically reversible for several cycles.
These results strongly indicated that the redox-switching of through-bond magnetic
interaction ofthe diradical was successfully achieved.
    In Chapter 2, compared with the para-nitroxyl-substituted compound in Chapter 1 ,
the tetraarylethylene bearing two meta-nitroxyl groups, 1,2-bis[3-(N-tert-buty1
aminoxyl)phenyJ]-1,2-bis[4-{N,N-bis(4-methoxyphenyl)amino}phenyl]ethylene, was
studied. This mata-nitroxyl-substituted diradical was prepared by the same synthetic
method of para-nitroxyl-substituted diradical, and the cis- and trans-mixtures was
successfu11y separated by column chromatography in contrast with the failure of
separation inpara-nitroxyl-substituted diradical. The main product was supposed to
be trans-isomer by the ESR spectrum in frozen solution. Although the cyclic
voltammetry of meta-nitroxyl-substituted diradical showed the core tetraphenylethylene
moiety has the lower oxidation potential than the substituted nitroxide moiety, the first
redox wave ascribed to the tetraarylethylene moiety was unresolved, on the contrary to
the observation of two distinct one-electron redox waves in the para-nitroxyl-
substituted diradical. It was demonstrated by the ESR measurement in frozen
solution that the meta-nitroxyl-substituted diradical ofthe neutral state showed the fine-
structured spectrum characteristic of the spin triplet species, and that the oxidized one
showed the anisotropic hyperfine-structured spectrum typical of the randomly oriented
mononitroxide radical, also indicating the drastic change of intramolecular magnetic
interaction like the para-nitroxyl-substituted compound.
    In Chapter 3, the author theoretically investigated the electronic structures of
tetraphenylethylene bearing two nitroxyl groups in Chapters 1 and 2. The hybrid
Hartree-Fock (HF)ldensity functional theory (DFT) calculations were canied out for the
simplified models of 1,2-bis[x-(N-tert-butylaminoxyl)phenyl]-1,2-bis[4-{N,N-bis(4-
methoxyphenyl)amino}phenyl]ethylene (x = 3 or 4). It was indicated that the change
from neutral to dicationic state induces not only the change of molecular structure but
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also the intramolecular magnetic interaction for the para-nitroxyl substituted
tetraphenylethylene and that the electronic structures are different due to the substitution
patterns of nitroxyl groups, i.e., the 1t-conjugated system is more perturbed by para-
substitution of the nitroxide group than by meta-substitution.
In Chapter 4, the syntheses and the electrochemical and the magnetic properties of
triphenylamine derivatives with two or three nitronyl nitroxide radicals, i.e., the
triradical, tris[4-(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl)phenyl]amine, and
the diradical, N,N-bis[4-(l-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl)phenyl]-4-
methoxyphenylamine were investigated. The magnetic susceptibility analyses
revealed that each neutral tri- and di-radical in solid state showed weak
antiferromagnetic interaction. Unfortunately, the expected high-spin states derived
from the cationic species of the above tri- and di-radical were not observed by the ESR
spectroscopy since the nitronyl nitroxide moieties had the lower oxidation potentials
than the core triphenylamine moieties even in the case of electron-donating methoxy-
substitution. The valuable findings were, however, obtained on the electrochemical
properties of nitronyl nitroxide-fused triphenylamine systems.
In Chapter 5, the synthesis and the electronic properties of p-phenylenediamine
having two nitroxyl groups, N,N' -bis[3-tert-butyl-5-(N-tert-butyl-N-oxylamino)phenyl]-
N,N' -dimethyl-p-phenylenediamine, were studied from the experimental viewpoint.
It was found by cyclic voltammetry that the first oxidation potential was ascribed to the
one-electron transfer of p-phenylenediamine moiety in comparison with the reference
compounds. The cationic triradical generated by the oxidation of p-
phenylenediamine-based diradical showed the inter valence charge transfer (IVCT) band,
and was found to be classified into Class II mixed-valence system by the analysis of
IVCT band. Furthermore, the quartet state of the cationic triradical was observed in
frozen solution by the continuous wave and the pulsed ESR methods. Therefore, the
ferromagnetic spin alignment mediated by the mixed-valence state, in which the
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localized spins on nitroxide moiety and the delocalized spin on p-phenylenediamine
moiety coexist, was experimentally demonstrated in the present cationic triradical for
the first time.
  In Chapter 6, the author theoretically investigated the models ofp-phenylenediamine
with tert--butylnitroxide radicals, N,N'-bis[3-tert-buty1--5-(N--tert--buty1-N-oxylamino)
phenyl]-N,AP-dimethyl-p-phenylenediamine, and p-phenylenediamine with nitronyl
nitroxide radicals, N,N'-bis[4-(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl)
phenyl]-N,AP-dimethyl-p-phenylenediamine, on the basis of the hybrid HFIDFT method.
It was predicted that both of the cationic p-phenylenediamine derivatives with radical
substituents had the ground quartet states while the singlet and triplet states were nearly
degenerated for those in the neutral state. Moreover, their SOMO patterns had the
non-disl'oint nature, causing the ferromagnetic spin alignments. Considering the
substitution effect of the nitronyl nitroxide radical, the SOMO on the central p-
phenylenediamine moiety was more delocalized to intrude into the outside ary1 groups,
increasing the torsional angle along the inner N-C bond of the central p-
phenylenediamine moiety. Therefore, it was expected that the electronic coupling
between the aminic redox sites would be suppressed due to the weakened orbital
interaction between the p-orbital of aminic nitrogen atom and the n-orbital of p-
phenylene in the case of nitronyl nitroxide substitution.
    Concluding this thesis, the author has studied the electronic properties of organic
multi-spin systems from both experimental and theoretical points of view. In this
course of study, the redox-switchable spin systems and the high-spin mixed-valent
systems have been demonstrated. These organic molecular systems could also be
considered as novel dynamic multi-spin systems, whereas the traditional high-spin
systems are static. The author hopes that the present study contributes to the
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